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ABSTRACT 
 
Close-packed GMR arrays have recently drawn great attention because of their 
potential use in applications such as magnetic sensors and magnetic random access 
memory (MRAM). In this dissertation, Co/Cu multilayered nanowires were designed and 
engineered to meet these applications. 
All-metallic current perpendicular to the plane (CPP) giant magnetoresistive 
(GMR) layers were made within insulating matrices by direct growth to avoid sidewall 
damage that is caused by lithographical patterning in current vacuum-deposited devices. 
These insulating matrices were made of Anodic Aluminum Oxide (AAO) templates and 
were grown both as free-standing membranes and as integrated layers on Si, both with 
columnar nanopores with diameters of 10-500nm. The barrier layer, which is a thin oxide 
layer at the bottom of the nanopores, was completely removed in both cases and Co/Cu 
multilayered nanowires were successfully grown inside these nanopores by DC 
electrodeposition. The thicknesses, diameters, and growth conditions were then 
engineered to make competitive structures for magnetic recording read sensors and spin 
torque RAM. 
For read sensors, we synthesized 10nm-diameter nanowires composed of 
Co(15nm)/Cu(5nm)/Co(10nm) trilayers that had 30 Ω resistance and 19% 
magnetoresistance for disk drive read heads. In contrast to conventional read heads based 
on lithographically-produced magnetic tunnel junctions, these offer potentially easier 
fabrication and more than 100x lower resistance with commensurate reductions in heat 
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production. These wires were measured to have resistivities of 5.4x10-8 Ω.m, only three 
times higher than bulk values for copper. The low resistance, yet high magnetoresistance, 
is due to smooth sidewalls from in situ templated chemical growth. Thus, unlike 
lithographically-etched sensors, these nanowire sensors will be capable of reading high 
density (2-10 Terabit/in2) bit patterned media, such as that produced by self-assembled 
block co-polymers. 
For STT-RAM applications, spin transfer torque switching of Co/Cu multilayered 
nanowires with perpendicular c-axis  was observed without the need for external 
magnetic fields with switching current densities below 107 A/cm2. The switching current 
density varied with Cu interlayer thickness.  When the Cu interlayers were thin, the 
samples exhibited one stable state (high resistance) at zero current which was explained 
by investigating interwire and intrawire dipole fields that were then confirmed by simple 
energy calculations. Structures with increasing the Cu spacer thicknesses required 
increased current densities to switch due to spin relaxation and also due to the switching 
of the effective magnetic anisotropy of the structures from parallel to perpendicular to the 
wire axes. This change in anistropy was also observed experimentally via magnetization 
hysteresis loops and confirmed by calculations of the effective demagnetizing fields for 
the layered structures. The ability to tune the demagnetizing field of these structures 
makes them very interesting candidates for future spin transfer torque RAM with multiple 
states per bit.  
 v 
 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS .............................................................................................. I 
ABSTRACT ..................................................................................................................... III 
TABLE OF CONTENTS ................................................................................................ V 
LIST OF FIGURES ....................................................................................................... VII 
INTRODUCTION............................................................................................................. 1 
1.1. BACKGROUND AND MOTIVATION ...................................................................................... 1 
1.2. OBJECTIVES .............................................................................................................................. 5 
1.3. ORGANIZATION OF DISSERTATION .................................................................................... 6 
THEORY AND LITERATURE SURVEY ..................................................................... 7 
2.1. TEMPLATE FABRICATION ..................................................................................................... 7 
2.2. TEMPLATE-ASSISTED DEPOSITION ..................................................................................... 9 
2.2.1. SINGLE ELEMENT NANOWIRES .......................................................................................... 10 
2.2.2. MULTILAYERED NANOWIRES ............................................................................................ 11 
2.2.3. DEPOSITION UNIFORMITY ................................................................................................... 11 
2.3. MAGNETIC AND STRUCTURAL PROPERTIES OF ELECTRODEPOSITED NANOWIRES
 12 
2.3.1. SINGLE ELEMENT NANOWIRES .......................................................................................... 12 
2.3.2. MULTILAYERED NANOWIRES ............................................................................................ 14 
2.4. GIANT MAGNETORESISTANCE (GMR) .............................................................................. 15 
2.5. SPIN TRANSFER TORQUE (STT) ........................................................................................... 19 
2.6. COUPLING MECHANISMS IN MAGNETIC MULTILAYERED NANOWIRES ................. 21 
2.6.1. INTRA-WIRE COUPLING ....................................................................................................... 21 
2.6.1.1. EXCHANGE COUPLING THROUGH PINHOLES .......................................................................... 22 
2.6.1.2. DIPOLE FIELD COUPLING ....................................................................................................... 23 
2.6.1.3. NEEL COUPLING ..................................................................................................................... 24 
2.6.1.4. RKKY COUPLING .................................................................................................................. 25 
2.6.2. INTER-WIRE COUPLING ........................................................................................................ 25 
SIMULATION OF NANOWIRE ELECTRODEPOSITION INSIDE POROUS 
TEMPLATES .................................................................................................................. 27 
3.1. INTRODUCTION ...................................................................................................................... 27 
3.2. SIMULATION OF ELECTRODEPOSITION PROCESS ......................................................... 29 
3.2.1. SINGLE PORE TEMPLATES ................................................................................................... 30 
3.2.2. CLOSE-PACKED POROUS TEMPLATES .............................................................................. 38 
3.3. ANALYSIS OF RESULTS ........................................................................................................ 40 
3.3.1. RESISTANCE MODEL TO FIND CONDUCTIVITY OF ELECTROLYTE ........................... 40 
3.4. CONCLUSIONS ........................................................................................................................ 43 
 vi 
 
NOVEL MAGNETORESISTIVE STRUCTURES USING SELF ASSEMBLY AND 
NANOWIRES ON SI ...................................................................................................... 44 
4.1. INTRODUCTION ...................................................................................................................... 44 
4.2. EXPERIMENTAL ..................................................................................................................... 46 
4.2.1. FREE STANDING AAO TEMPLATES .................................................................................... 46 
4.2.2. AAO ON SI ................................................................................................................................ 46 
4.2.3. MAGNETORESISTIVE NANOWIRES ................................................................................... 47 
4.3. RESULTS AND DISCUSSION ................................................................................................. 48 
4.3.1. FREE STANDING AAO TEMPLATES .................................................................................... 48 
4.3.2. AAO ON SI ................................................................................................................................ 49 
4.3.3. MAGNETORESISTIVE NANOWIRES ................................................................................... 53 
4.4. CONCLUSIONS ........................................................................................................................ 54 
LOW-RESISTIVITY 10NM DIAMETER MAGNETIC SENSORS ........................ 56 
5.1. INTRODUCTION ...................................................................................................................... 56 
5.2. EXPERIMENTAL ..................................................................................................................... 60 
5.3. RESULTS AND DISCUSSION ................................................................................................. 62 
5.3.1. TEMPLATES ............................................................................................................................. 62 
5.3.2. LOW RESISTIVITY NANOWIRES ......................................................................................... 65 
5.3.3. NANOWIRE READ SENSORS ................................................................................................ 68 
5.4. CONCLUSIONS ........................................................................................................................ 72 
EFFECT OF THE INTERLAYER SPACER THICKNESS ON THE SPIN 
TRANSFER TORQUE EFFECTS IN MAGNETIC MULTILAYERED 
NANOWIRES ................................................................................................................. 73 
6.1. INTRODUCTION ...................................................................................................................... 73 
6.2. EXPERIMENTAL ..................................................................................................................... 75 
6.3. RESULTS AND DISCUSSION ................................................................................................. 77 
6.3.1. MAGNETIZATION HYSTERESIS LOOPS ............................................................................. 77 
6.3.2. SPIN TRANSFER TORQUE SWITCHING .............................................................................. 79 
6.3.2.1. DIPOLE FIELD CONSIDERATIONS ............................................................................................ 82 
6.3.2.1.1. INTRA-WIRE DIPOLE FIELDS ................................................................................................ 82 
6.3.2.1.2. INTER-WIRE DIPOLE FIELDS ................................................................................................ 88 
6.3.2.2. TOTAL ENERGY ARGUMENTS ................................................................................................. 90 
6.3.3. EFFECTIVE DEMAGNETIZING FIELD ................................................................................. 98 
6.4. CONCLUSIONS ...................................................................................................................... 102 
CONCLUSIONS AND FUTURE WORK .................................................................. 104 
7.1. CONCLUSIONS ...................................................................................................................... 104 
7.2. FUTURE WORK ..................................................................................................................... 106 
REFERENCES .............................................................................................................. 108 
 
 vii 
 
 
LIST OF FIGURES 
Chapter 1 
Fig.  1.1. Spin projected densities of states of Co and Cu.[19] ........................................... 5 
 
Chapter 2 
Fig.  2.1. Electroplating cell showing a reduction reaction of M+2 cations to metal M at 
the cathode. ............................................................................................................... 10 
Fig.  2.2. In-plane normalized resistance for Fe/Cr superlattices with different Cr 
thicknesses and number of layers. Field and current are applied in plane of the 
layers.[53] ................................................................................................................. 16 
Fig.  2.3. Two current model for the giant magnetoresistance of multilayers. ................. 17 
Fig.  2.4. Schematics of the spin transfer torque effect..................................................... 19 
Fig.  2.5. Schematics of the origin of Neel “orange-peel” coupling in sandwich structures 
with rough interfaces................................................................................................. 24 
 
Chapter 3 
Fig.  3.1. Schematics of the cells used in COMSOL for both single pore templates and 
multi-pore templates. ................................................................................................ 30 
Fig.  3.2. COMSOL simulation results of single pore templates of aspect ratio=2. (a) 
current distribution (b) deposit thickness (c) potential distribution. ......................... 32 
Fig.  3.3. COMSOL simulation results of single pore templates of aspect ratio=60. (a) 
current distribution (b) deposit thickness (c) potential distribution. ......................... 33 
Fig.  3.4. Concentration profiles for electrodeposition in single pore templates with aspect 
ratio=2. ...................................................................................................................... 34 
Fig.  3.5. Concentration profiles for electrodeposition in single pore templates with aspect 
ratio=60. .................................................................................................................... 35 
Fig.  3.6. Summary of results for simulated electrodeposition in single pore templates. . 37 
 viii 
 
Fig.  3.7. Summary of simulated deposition in multi-pore tmeplates. .............................. 38 
Fig.  3.8. Simulated resistance of multi-pore templates during electrodeposition. ........... 40 
Fig.  3.9. Equivalent circuit model of single and multi-pore cells used in our simulation.
................................................................................................................................... 41 
 
Chapter 4 
Fig.  4.1. Top view micrographs of homemade AAO templates before and after 40mins of 
widening in phosphoric acid. .................................................................................... 49 
Fig.  4.2. SEM images of self-assembled nanopores grown on Si (a) top view with pore 
size of 40nm and 100nm spacing (0.4M oxalic acid at room temperature), (b) top 
view with pore size of 30nm and 100nm spacing (0.3M oxalic acid at 5oC), and (c) 
cross-sectional view of AAO on Si/Ti with a barrier layer. ..................................... 50 
Fig.  4.3. Time dependence of the current during the (a) 2nd anodization of Al on Si/Ti 
substrate for 500s, (b) 2nd  anodization of al on Si/Ti/Cu substrate for 500s, (c) 
manually stopped 2nd anodization of al on Si/Ti/Cu substrate at the early stages of 
the spike, and (d) manually stopped 2nd anodization of Al on Si/Ti/Cu substrate 
before the spike. ........................................................................................................ 51 
Fig.  4.4. Time dependence of the current during dc electrodeposition of cu in pores of 
samples whose barrier layers were treated using (a) ar ion milling for 15mins, (b) 
pore widening in 5wt% H3PO4 for 45mins, and (c) very long second anodization. . 52 
Fig.  4.5. MH loops of Co(7.5nm)/Cu(5nm) multilayered (50 bi-layers) nanowires with 
the field perpendicular (blue) and parallel (pink) to the wires (a), and 
magnetoresistance when the field is perpendicular (b) and parallel (c) to the wires. 54 
 
Chapter 5 
Fig.  5.1. 3D schematic of a 10-nm diameter read sensor. This 10nm-diameter trilayered 
Co/Cu/Co nanowire, sandwiched by two permalloy shields, is shown reading a bit 
patterned medium...................................................................................................... 60 
 ix 
 
Fig.  5.2. (a-c) Diameter histograms of nanopores formed by anodization at various 
voltages and concentrations of H2SO4 at 1 oC, as shown in the micrographs in (d-f) 
and summarized in (g).  A temperature study revealed an increase in diameter by 
0.3nm/oC so local heating must be carefully controlled. Circled data points in (g) 
correspond to nanopores that were imaged using SEM as shown in the colored 
images. The pore size and distribution shown here are analyzed over large areas 
using imageJ.............................................................................................................. 63 
Fig.  5.3. Nanoimprinted aluminum anodized using 160V in 1% phosphoric acid at 0oC. 
Pores in the resulting oxide self-assembled to align with imprints (74 +/- 10nm 
diameters). ................................................................................................................. 64 
Fig.  5.4. Resistance histogram of 10nm nanowires measured (purple) while inside the 
aao matrix. The measured groupings were separated by resistance gaps as 1, 2, or 3 
wires were contacted. Blue points correspond to the 45 combinations (combos) of 
any two measurements of the individual nanowires.  Green points correspond to all 
120 possible combinations of any three individual nanowires. ................................ 66 
Fig.  5.5. Resistance of trilayered Co(15nm)/Cu(5nm)/Co(10nm) nanowires as a function 
of current as the current through was swept from positive to negative (lower curves) 
and negative to positive (upper curves) in an applied field of (a) 130Oe and (b) 
250Oe. Note that code similar to [139] calculated demag and dipole fields in the 
range of 100-200 Oe acting on the free layer. .......................................................... 69 
Fig.  5.6. Magnetoresistance of 10nm-diameter Co(15nm)/Cu(5nm)/Co(10nm) trilayered 
nanowires. ................................................................................................................. 70 
 
Chapter 6 
Fig.  6.1. Schematics of the spin torque switching measuremens and schematics of titled 
magnetization configuration. .................................................................................... 76 
Fig.  6.2. X-ray diffraction pattern for co wires deposited at pH=5.8. ............................. 77 
Fig.  6.3. Magnetization hysteresis loops of 100nm diameter [Co(10nm)/Cu(tCu)]200 wires 
with in-plane (perpendicular to wire) c-axis when   is  (a) 3nm, (b) 10nm, and (c) 
 x 
 
20nm. (d) magnetic susceptibility, calculated from dm/dh near the origin of the MH 
loops, is plotted vs  tcu. .............................................................................................. 79 
Fig.  6.4. STT switching in 200 bilayers of Co(10 nm)/Cu(tCu) where tCu is (a) 5 nm (b) 
10 nm (c) 15 nm. The nanowire diameter is 100 nm. In all these cases, Cu leads 
were deposited to fill out the pores. The difference in resistance between samples is 
because our microprobe contacts different number of wires each time the 
measurement is made. It is important to distinguish here between the unipolar and 
bipolar switching as the spacer thickness is changed. .............................................. 81 
Fig.  6.5. (a) Dipole fields generated by a single co layer with inplane magnetization. (b) 
Schematics of inplane P and AP magnetization configuration. Here, the dipole fields 
from all the layers are summed at the center co layer. .............................................. 83 
Fig.  6.6. Dipole field calculated from eq. (6.1) at the center Co layer as shown in 
schematics of Fig. 6.4 for both P and AP magnetizations. ....................................... 85 
Fig.  6.7. Interwire dipole field vs number of Co/Cu layers. ............................................ 86 
Fig.  6.8. Coercivity as a function of the applied field angle. ........................................... 87 
Fig.  6.9. Intrawire dipole field of Co/Cu multilayered nanowire arrays as a function of 
tCu. Inset shows the region of tCu of the experimentally prepared samples. .............. 89 
Fig.  6.10. Calculated energy for all possible magnetization configurations in our Co/Cu 
multilayered nanowires. ............................................................................................ 93 
Fig.  6.11. Calculated energy for all possible magnetization configurations in our Co/Cu 
multilayered nanowires using reduced Ms and K.. ................................................... 94 
Fig.  6.12. Zoomed in version of Fig. 6.11 showing regions of switching for our 
implemented samples. ............................................................................................... 95 
Fig.  6.13. Switching current density as a function of tCu with defined regions of 
anisotropy. ................................................................................................................. 97 
Fig.  6.14. Effective demagnetizing field as a function of the Cu spacer thickness. 
Negative values indicate fields opposite to the magnetization. ................................ 99 
Fig.  6.15. Switching current densities vs Heff when (a) the layers switch from AP to P 
and (b) when the layers switch back from P to AP. ................................................ 101 
 1 
 
 
Chapter 1 
 
Introduction 
 
1.1. BACKGROUND AND MOTIVATION 
 In conventional electronics, the charge of the electron is used to manipulate, store, 
and transfer information. Devices based on this scheme often suffer volatility, i.e, data is 
erased soon after the power source is turned off. Also, according to Moore’s law the 
number of transistors on a silicon chip will roughly double every two years [1]. With 
device scaling nearing its limit and with power consumption continuing to increase, it 
will be less than unlikely that memory devices based on conventional electronics will be 
used for future high density devices.  
 In spintronics, information is stored by the orientation of the spins instead of the 
charge. The orientation of the spin relative to a magnetic field is commonly referred to as 
spin “up” or spin “down”. These two states can then represent a binary “1” or a binary 
“0” in memory devices. Compared to conventional electronics, spintronics devices offer 
lower power consumption, better scalability due to smaller required space on a chip, and 
faster speeds because spin manipulation is faster than charge manipulation. On top of all, 
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spintronic devices do not require a special semiconducting platform to fabricate the 
devices. Almost any substrate can be used to fabricate spintronics devices. 
 In reality, spintronic memory devices do not use one spin orientation to represent 
the “1” or “0”. They rather use the relative orientation of two spin directions as in the 
case of Ferromagnet/Nonmagnet/Ferromagnet (FM/NM/FM) sandwich structures. In 
these structures, the relative orientation of the two spin directions in the two 
ferromagnetic layers is usually used to determine the “1” or “0” state. For example, 
aligned spin directions can be used as a binary “1” whereas anti-aligned spin directions 
can be used for a binary “0”. 
 Historically, sandwich FM/NM/FM structures are classified depending on the type 
of nonmagnetic material used in the stack. For insulating nonmagnetic layers, the 
structures are called Magnetic Tunnel Junctions (MTJs) [2]. For a metallic nonmagnet, 
the structures are usually referred to as Giant Magneto-Resistive (GMR) structures [3]. 
Magnetic tunnel junctions are known to have high resistances (due to the insulating 
nonmagnetic layer) and high magnetoresistance (MR) ratio [4], defined as (Rhigh-
Rlow)/Rlow. GMR structures, on the other hand, have much lower resistances, but they 
come with much lower MR ratios as well [5]. For fast memory devices, low resistances 
are favored to reduce the Resistance-Capacitance (RC) time constants. Also, low 
resistances are favored to reduce Joule heating. But, high MR ratios are needed to 
increase the signal and thus a higher signal to noise (SNR) ratio. 
 Current magnetic memory devices (like spin torque RAM or STRAM) use MTJs as 
storage elements [6], which are composed of an oxide layer (such as MgO) sandwiched 
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between two ferromagnetic metal layers. These are excellent for today’s dimensions with 
magnetoresistances MR of about 70%. However, the demands of device integration 
prefer resistances (R) below 300Ω, which means that the resistance-area (RA) products 
of MTJs must be substantially decreased as device dimensions continue to shrink. This 
has led researchers to re-examine all-metal “current perpendicular to the plane giant 
magnetoresistive” (CPP GMR) structures, which are calculated to have high signal to 
noise ratios at high device densities. Because all metallic CPP GMR sandwich structures 
have relatively low MR ratios, pioneering attempts have been used to increase the ratio. 
These included the use of nano-oxide layers (NOL) and Heusler-alloy magnetic soft 
layers. In NOL devices, co-deposition of Al or Si within the device layers is followed by 
a controlled oxidation to produce insulating Al-O or Si-O boundaries between the 
magnetic grains [7,8]. Large variations in grain morphology typically lead to 
unpredictable device performance even at large sensor dimensions. Heusler-alloy devices 
require thick seed layers and excess annealing to obtain half-metallic crystal structures 
[9-11]. And yet, even when the correct structure is obtained, the all-important interfaces 
often do not exhibit half-metallic properties [12]. In all of these cases, vacuum-deposited 
thin films were patterned into either ellipsoidal or cylindrical pillars, the smallest of 
which were 30nm-diameter cylinders. Also, in all cases, the magneotresistance decreased 
with diameter until it is negligible below 30nm. 
 A straightforward attempt to increase the magnetoresistance of all metallic CPP 
GMR structures is to make multilayers of them, which is basically a way of introducing 
multiple GMR sensors in series which in turn increases the signal obtained and thus the 
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SNR. Multilayered nanostructures are difficult to fabricate by depositing multilayer thin 
films and then patterning them into nanostructures using lithography. This is because the 
resulting structures will have very high aspect ratios (AR) and thus will more than likely 
fall down on the substrate or to etch unevenly with depth. Therefore, a template assisted 
deposition, where multilayered nanostructures are deposited directly inside nanoporous 
templates, is more promising. Vacuum deposition such as sputtering and evaporation 
cannot be used for high aspect ratio template assisted deposition because these techniques 
produce line-of-sight depositions and also are very slow techniques. Electrochemical 
deposition is the ideal solution in this case as it is cheap, fast, and has shown promising 
results over the past decade [13-18]. Therefore, template assisted electrochemical 
deposition of multilayered CPP GMR structures has the best potential for future high 
density storage devices. Even for sandwich structures, electrodeposition can still be 
favored  since it mitigates the side wall damage that is associated with vacuum deposited 
and patterned structures [18]. 
 Multilayered Co/Cu nanowires are found to be perfect structures that meet the 
specifications mentioned above for two main reasons. First, Co and Cu are immiscible 
and thus inter-diffusion of these elements into each other is minimized. Also, the majority 
Co band is very similar to the majority Cu band whereas the minority bands are very 
dissimilar [19], Fig. 1.1. This enhances spin polarization and increased the 
magnetoresistance ratio which are very important quantities for spintronic devices. 
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Fig.  1.1. Spin projected densities of states of Co and Cu.[19] 
 
1.2. OBJECTIVES 
 The main objective of this work is to prove the feasibility of using electrodeposited 
multilayered nanostructures as future elements in spintronics applications. Applications 
covered in this work are: magnetic field sensors, and spin transfer torque random access 
memory (STT-RAM). For magnetic field sensors, the objective is to fabricate small 
diameter magnetic sensors with low resistance-area (RA) products and decent 
magnetoresistance (MR) ratio that can be used for ultra-high density magnetic recording. 
For STT-RAM applications, the objective is to design and fabricate arrays of 
multilayered nanowires that have low resistance area products, high density and high 
order, low switching current densities, and the ability to operate at zero bias magnetic 
fields. All of these properties are to be achieved using the simplest, cheapest, and fastest 
methods, i.e., electrochemical techniques. Electrochemical techniques are usually given 
less attention in industries involving state of the art devices because of the belief that 
electrochemical techniques are inaccurate and produce results with very wide variation. 
Part of the goals of this thesis is to prove that this belief is wrong. 
 6 
 
1.3. ORGANIZATION OF DISSERTATION 
 In Chapter 1 of this dissertation, the motivation and the objectives of this work will 
be highlighted. Then a literature survey of electrochemical fabrication of multilayered 
nanowires and applications will be conducted in Chapter 2. In this chapter, the theories of 
the different physical phenomena that apply to this research will also be provided. 
 Chapter 3 provides a COMSOL simulation of the electrodeposition process in 
porous templates. In this chapter, the required spacing between pores for uniform 
deposition will be found. Chapter 4 discusses the feasibility of using nanowires as current 
perpendicular to the plane giant magnetoresistive elements and an overview of different 
potential applications of these nanowires. Chapter 5 proposes a specific example of using 
10nm diameter wires as future read sensors for ultra-high density magnetic recording. In 
this chapter, fabrication of these small diameter wires will be discussed, followed by 
resistivity and magneto-transport measurements to prove the concept. 
 Chapter 6 talks about the feasibility of using Co/Cu multilayered nanowires as 
future storage elements in spin transfer torque random access memories (STT-RAMs). In 
this chapter, fabrication of high density wires will be first discussed, followed by spin 
transfer torque measurements at zero external magnetic fields. The effect of Cu layer 
thickness will be investigated and the experimental data will be explained by using 
energy and dipole field arguments. Conclusions and future work recommendations are 
provided in chapter 7. 
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Chapter 2 
 
Theory and Literature Survey 
 
2.1. TEMPLATE FABRICATION 
 As discussed in chapter 1, the most suitable method to fabricate multilayered 
nanowires is electroplating into nanoporous templates. These templates can be 
polycarbonate track etched membranes, block copolymers, and anodic aluminum oxide 
templates [20-22]. In track etch templates; high energy ions are shot onto a polycarbonate 
template and if the template thickness is thin enough the ions will penetrate through 
leaving tracks behind them which can be subsequently etched wider to make nanoholes 
[23]. Therefore, these templates are usually thin (~5um) and have pores are located very 
randomly.  Block copolymer templates have much higher order but the order degrades 
with the template thickness so these highly ordered block copolymer templates are also 
usually thin (<50nm) [24]. Anodic aluminum oxide templates can be thick and yet be 
very ordered. These templates are made by anodizing an aluminum film under the right 
conditions. 
 A single anodization step of Al produces templates with pores that vary in size, 
shape, and branch along the thickness of the template. Therefore, continuous and straight 
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nanowires are difficult to electroplate into these templates. A novel two-step anodization 
approach was invented by Masuda which helped achieve more uniformly sized and 
distributed pores [25]. Thereafter, alumina templates made by two step anodization of 
aluminum became very popular for electroplating nanowires. Although this method 
narrowed the size distribution of the pores, the order was short ranged and thus templates 
made by this modified method cannot be used for fabrication of devices that require long 
range ordered arrays, like MRAM for instance. However, long range order in alumina 
templates can be achieved by nanoimprinting the aluminum surface before anodization 
[26]. Here, a nanopillar stamp made by a hard material such as Si3N4 is used to stamp the 
aluminum surface, and then a single anodization step is performed to achieve the same 
order of the Si3N4 stamp. However, this method requires a master stamp usually 
fabricated by an electron beam lithography step which is very expensive if large stamps 
are made. In all of these fabrication cases, the pore size and the center to center spacing 
of the pores are governed by the anodization parameters like andoization voltage, 
temperature, and the type of electrolyte and its concentration [27,28]. 
 Alumina templates have been also integrated onto Silicon substrates [29,30]. This 
eanbles integration of nanowiredevices with transistors, diodes, and other semiconducting 
devices to drive their operation. However, there is a major challenge in integrating such 
templates on Si while still using electroplating to make devices inside the pores. This 
challenge is the formation of an oxide barrier layer at the bottom of the pores at the 
template/Si interface. This barrier layer also forms when anodizing free aluminum foils 
but it can be easily removed by floating the resulting alumina template on a chemical 
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etchant for few minutes [30]. The problem with removing the barrier layer for templates 
made on Si is that the chemical etchant cannot easily reach the bottom of the pores 
without also etching the pore walls, so the whole template is etched away. There have 
been some attempts in smartly removing the barrier layer off templates integrated on Si. 
One approach is to use ion milling to break the barrier layer but this approach typically 
requires thin templates for efficient and fast removal of the barrier [30]. Another 
approach is to put a conductive film like Cu or Au underneath the Al film and use that 
film as the bottom electrode during anodization. In this case, when the anodization 
process reaches the bottom of the Al film, the anodizing solution breaks the barrier in 
attempt to reach the conductive film on the other side of the barrier layer [30]. This only 
happens for a certain combinations of solution and metallic films because it depends on 
the reactivity of these two materials. In our work, we found that Cu is highly reactive 
with oxalic acid and the barrier breaks in a short time. For other metallic films, like Au, 
the breaking of the barrier takes longer times allowing better control of the process. 
 In this work, a two-step anodization method was used to make porous templates 
that were both free standing and on Si. In some cases, commercial templates from 
Synkera, were used to grow the nanowires. 
 
2.2. TEMPLATE-ASSISTED DEPOSITION 
 The templates described in the previous section are filled with nanowires using 
electrodeposition. This uses a very simple setup as shown in Fig. 2.1. Here, two 
electrodes are placed in an electrolyte containing cations of a certain metal, and a voltage 
  
drop is applied between the 
the negative potential electrode
metal deposits on the cathode.
Fig.  2.1. Electroplating cell showing a reduction reaction of M
the cathode. 
 
 
2.2.1. SINGLE ELEMENT NANOWIRES
 Here, the cathode in Fig. 
conducting film on its underside
template, then diffuse down the pores to reach the bottom contact where reduction of 
cations deposits the metal inside the pores to form nanowires. Also, the electrolyte h
contains cations of only one element and thus single element nanowi
the pores. 
 Single element magnetic nanowires like Fe, Ni, and Co have been successfully 
grown in porous templates by electrodeposition [3
10 
electrodes so the cations are electrostatically pulled towards 
. A reduction reaction then takes place and as a result, the 
 
 
+2
 cations to metal M at 
 
2.1 is replaced with a porous template that has a 
. In that case, the cations are attracted to the top of the 
res are grown inside 
1-34]. In most of these re
the 
ere 
ferences, the 
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aim was to study the magnetic properties of these wires and possible applications. Later 
in this chapter, the magnetic and structural properties of electrodeposited single element 
nanowires and multilayered nanowires will be discussed. 
 
2.2.2. MULTILAYERED NANOWIRES 
 Similar to single element wires, multilayered nanowires use the same 
electrochemical cell and the same concept. The only difference is that the electrolyte used 
for the deposition of multilayered nanowires has more than one element. For example, a 
mixture electrolyte containing Co+2 and Cu+2 cations is used to deposit Co/Cu 
multilayered nanowires. Also, because the individual layers of multilayered nanowires 
may require specific thicknesses (1-100nm), it is considered more challenging to deposit 
multilayered nanowires. In some applications, like the ones studied in this work, the 
individual layer thicknesses can be as small as 3nm, so careful control of the deposition 
of these layers is crucial. Next, the uniformity of single element wires and multilayered 
wires will be discussed. 
 
2.2.3. DEPOSITION UNIFORMITY 
 Non-uniform nanowire growth in porous templates has been observed 
experimentally [15,35]. This has been attributed mainly to the overlapping of diffusion 
regions which produce less diffusive flux in certain pores and more diffusive flux in other 
pores, resulting in nonuniform nanowire lengths. Methods to solve for this non-
uniformity have been proposed. One for example uses the rotating disk electrode system 
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to eliminate the time dependence of the diffusion layer thickness during deposition and 
make the deposition current density as uniform as possible all over the substrate [15]. 
Another method uses polycarbonate templates which have large spacing between the 
pores so that diffusion regions of the pores never overlap [36], resulting in completely 
independent pores. A third method uses pulsed or AC electrodeposition which typically 
improves the uniformity by a great amount [37]. As a rule of thumb, it has been proposed 
that a center-to-center spacing of at least twice the diameter of the pores is needed to 
produce independent deposition and thus uniform deposition inside the pores. 
 In this work, we first simulated nanowire electrodeposition in porous templates 
using COMSOL multiphysics 3.5a and proved the twice the diameter rule of thumb. We 
then used templates that have that condition to insure uniform nanowire deposition. We 
also used charge controlled deposition [38] which allows to accurate control of the 
thicknesses. 
 
2.3. MAGNETIC AND STRUCTURAL PROPERTIES OF 
ELECTRODEPOSITED NANOWIRES 
2.3.1. SINGLE ELEMENT NANOWIRES 
 There has been a vast number of reports about the magnetic and structural 
properties of template synthesized single element magnetic nanowires. For Ni, Co, and 
Fe nanowires, the coercivity (Hc) was found to decrease with the diameter of the wire 
when an external field was applied parallel to the nanowire axis [16,39]. This is due to 
multidomain formation at larger diameters. The diameter value at which multidomains 
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start to form is solely dependent on the exchange parameter of the material which is 
largest for Co allowing a threshold diameter of ~35nm [40]. 
 The anisotropy of Fe and Ni nanowires is dominated by shape (Kshape >> Ku). For 
Co nanowires, however, the crystalline anisotropy is large and can be as high as the shape 
anisotropy. This makes single Co nanowires interesting structures because the 
magnetization easy axis can be tuned by manipulating the shape anisotropy of the wires. 
 Because Co is the only magnetic element studied in this work, structural properties 
of nanowires made of Co is particularly important. It has been shown that the Co 
deposition voltage and the pH of the Co+2 containing electrolyte both play a big role in 
determining the structural properties of the deposited Co nanowires. 
 Darques et al. showed that deposition from a high pH electrolyte results in Co 
nanowires that have hcp Co grains with their c-axes aligned with the wire axis, resulting 
in along the nanowire crystalline anisotropy [41,42]. Similarly, they also showed that 
deposition from a lower pH electrolyte results in hcp grains aligned perpendicular to the 
nanowire axis, indicating a perpendicular to the wire crystalline anisotropy. At extremely 
low pH, they showed that the deposited wires have fcc Co grains that have random 
directions, resulting in nearly zero anisotropy. The effect of the deposition voltage or the 
current density was shown to have the same effect (i.e., higher voltages or current 
densities result in perpendicular anisotropy and vice versa). The orientation of the c-axis 
is extremely important when making devices as will be clearly seen in the content of this 
work. 
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2.3.2. MULTILAYERED NANOWIRES 
 The effect of layering in Magnetic/Nonmangetic nanowires on the magnetic 
properties can be very interesting. For example, in 50nm diameter Co(50nm)/Cu(5nm) 
multilayered nanowires, Hc was found to be higher than that of same diameter Co 
nanowires due to their single domain nature and strong shape anisotropy [43,44]. 
 Medina et al. showed that the shape anisotropy of Co/Cu multilayered nanowires 
can be perfectly tuned by the proper design of the aspect ratios of the individual layers 
[45]. It can be either along the nanowire axis, perpendicular to wire axis, or even zero. 
With the proper selection of crystalline anisotropy, as described in Ref. 41, the total 
anisotropy of the multilayered nanowire can be selected. This tool is really useful and is 
used in our work as will be visited in great detail in chapter 6. 
 The structural properties of the Co layers in Co/Cu multilayered nanowires are the 
same as those for single element nanowires [46]. In other words, the direction of the c-
axis of the Co hcp grains can be selected using the pH of the electrolyte or the deposition 
voltage, similar to single element nanowires. Similar to bulk Cu, the crystal structure of 
the Cu layers in electrodeposited Co/Cu multilayered nanowires is fcc [47]. 
 Because Co/Cu multilayers are usually deposited from a mixture electrolyte 
containing both CoSO4 and CuSO4, and because the reduction potential of Co+2 is higher 
than that for Cu+2, there is always Cu inclusions in the Co layers. It was found that the Cu 
impurities in the Co layers deposited at -1V from a solution that contained 155 g/l 
CoSO4.7H2O, and 1.13 g/l CuSO4, were 7% due to the codeposition of Cu and Co at -
1V [47]. The Co impurities in the Cu layers were found to be less than 1% because the 
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deposition potential of Cu (-0.56V) is less than that of Co. 
 Although Cu inclusions in the Co layers sound unwanted, it was found useful in 
some cases. For example, in this work we found that the Cu impurities caused the 
saturation magnetization (Ms) and the anisotropy constant (Ku) of Co to decrease which, 
for a fairly sized element (KuV/kT large enough for thermal stability), was found useful 
because it reduces the external energy needed to switch the magnetization. This will be 
discussed in much greater details in chapter 6 but the main idea is that Ku and Ms were 
reduced by adding Cu to the Co layers, which resulted in less spin polarized currents 
needed to switch the magnetization from one direction to another in spin torque RAM 
elements. 
 
2.4. GIANT MAGNETORESISTANCE (GMR) 
 Giant magnetoresistance is a quantum mechanical effect occurring in structures of 
alternating magnetic and nonmagnetic layers. It is based on the electrical resistance shift 
when two ferromagnetic layers sandwiching a nonmagnetic layer have either aligned 
anti-aligned magnetizations. This effect was discovered independently by Albert Fert and 
Peter Grunberg in 1988, who were awarded the 2007 Noble Prize in Physics for their 
discovery [3].  Their discovery was based on Fe/Cr superlattices at T=4.2K. They found a 
huge decrease in resistance when two adjacent Fe layers are aligned, Fig. 2.2. Here, at 
very large field, all the Fe layers have aligned magnetizations and the resistance is 
smallest (RL). At zero field, the Fe layers align antiferromagnetically mainly through 
RKKY exchange coupling and the resistance is highest (RH). The change in resistance is 
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higher for thinner Cr layers due to the higher antiferromagnetic coupling at thinner Cr 
which results in larger RH. But, here the resistance is normalized and only ∆R/R can be 
seen. A ratio defining the strength of the magnetoresistance was historically defined as: 
100(%) ×−=
L
LH
R
RRGMR
  (2.1) 
  
 
Fig.  2.2. In-plane normalized resistance for Fe/Cr superlattices with different Cr 
thicknesses and number of layers. Field and current are applied in plane of the layers.[3] 
 
 To understand the principle of GMR, the two-current or the two parallel resistance 
model can be used [48], Fig. 2.3. Here, if the two ferromagnetic layers have aligned 
magnetizations, then one spin direction of the sense current has little scattering (R1) and 
  
the other spin direction has much higher scattering (R
structure resistance is low (R
On the other hand, when the two ferromagnetic layers have antialigned magnetization, 
both spin directions have an average scattering of (R
the structure is high (RH) can be written as:
Fig.  2.3. Two current model for the giant magnetoresistance of multilayers.
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1+R2)/2. Here, the total resistance of 
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 The GMR ratio using such model can be calculating by substituting (2.2) and (2.3) 
in (2.1). This gives: 
21
2
21
4
)(100(%)
RR
RRGMR −×=
            (2.4) 
As can be seen in (2.4), the GMR ratio can be increased by making R1 as small as 
possible. The theoretical maximum of equation (2.4) is ∞  but this is not realistic in 
practice. 
 Applications of GMR include magnetic field sensors, as in read sensors for hard 
disk drives, and magnetic random access memories. In read sensors, different magnetic 
fields from the bits (“0” or “1”) cause different resistance readings in the sensor based on 
the GMR effect, and by passing a bias current in through the sensor a voltage signal is 
generated. In magnetic random access memories (MRAMs), an external magnetic field is 
used to write the bits, which can be GMR elements, and the signal is read using the same 
principle. Increasing density in these devices can be problematic when high densities are 
reached. This is because the external magnetic field will likely write adjacent bits and 
thus errors occur. To overcome this, people have developed a MRAM that uses spin 
polarized current injected through the bit to switch the magnetization from one direction 
to another based on the so called spin transfer torque (STT) effect [49-52]. MRAMs 
based on this effect are often called STT-RAM and have been first made commercially 
available by Sony in 2005. In the next section, the physics of the spin transfer torque 
effect will be discussed. In chapter 6, we will show spin transfer torque results of 
multilayered nanowires that are proposed as future elements for STT-RAMs. 
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2.5. SPIN TRANSFER TORQUE (STT) 
 In a structure as shown in Fig. 2.4, where fixed and free ferromagnetic layers 
sandwich a nonmagnetic layer, electrons passing through the fixed ferromagnetic layer 
will be polarized by the magnetization of that layer, i.e., more spin-up electrons  than 
spin-down electrons. This polarized current will then pass through the free ferromagnetic 
layer and will exert a torque on its magnetization trying to align it with the magnetization 
of the fixed magnetic layer. If the torque is enough (i.e., enough current density), the 
magnetization of the free layer will be kicked out of equilibrium and will rotate until it 
reaches a minimum and stable energy state, which in this case, is when the two 
magnetizations are parallel to each other. 
 
Fig.  2.4. Schematics of the spin transfer torque effect. 
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 The mechanism of bringing the two magnetizations back to the antiparallel state is 
similar but requires the current direction to be flipped. In this case, electrons will pass 
through the free layer first, to the nonmagnetic layer and finally hit the fixed layer. 
Electrons with similar polarization to the fixed layer will pass through while electrons 
with opposite spins get reflected back and exert their torque as they reflect back to the 
free layer. Eventually, and at some sufficient current, the magnetization of the free layer 
will switch back to the antiparallel state, which is another minimum energy state. The 
results of STT switching experiments are usually interpreted by plotting the resistance 
versus current, as shown in the schematics of Figure 2.4. This is because the resistance 
changes with the relative alignment of the magnetizations according to the GMR effect 
discussed in section 2.5. 
 The spin transfer torque is usually given by [139]: 
)ˆˆ(ˆ pMM
etM
JT
s
STT ××−=
h
γ               (2.5) 
where γ  is the gyromagnetic ratio, J is the current density, h is Planck’s constant, e is the 
electron charge magnitude, t and Ms are the thickness and saturation magnetization of the 
free layer, respectively. Mˆ  and pˆ are unit vectors along the free and fixed layer 
magnetizations, respectively. As seen in equation (2.5), the torque equals zero when 
pM ˆˆ ×
 equals zero, and this is what makes the switching occur between two stable states 
(parallel or antiparallel). 
 This interesting phenomenon allows for accurate manipulation of the magnetization 
of a ferromagnetic layer using a spin polarized current injected through the layer. The 
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current density needed to do this is under the aid of external magnetic fields is usually on 
the order of 106-108 A/cm2. In chapter 6, we will show STT switching results obtained 
not in sandwich structures, but in multilayers of ferromagnetic/nonmagnetic layers, all 
without the need for external fields. 
 
2.6. COUPLING MECHANISMS IN MAGNETIC MULTILAYERED 
NANOWIRES 
 In this section we will discuss the coupling mechanisms between ferromagnetic 
layers in multilayered ferromangnet/nonmagnet nanowires. We will first consider the 
interactions between successive ferromagnetic layers in a single wire, called intra-wire 
interactions. Then we will discuss the interactions between ferromagnetic layers from 
different wires in the array, namely inter-wire interactions. 
 
2.6.1. INTRA-WIRE COUPLING 
 Coupling here occurs between successive ferromagnetic layers inside a single 
nanowire. There are different types of coupling in this case and these are exchange 
coupling, dipole field or magnetostatic coupling, Orange-Peel coupling, and Ruderman-
Kittel-Kasuya-Yosida or RKKY coupling. The strength of inter-wire coupling vary 
depending on the distance between layers, strength of the magnetic layer (Ms and Ku), 
roughness of interfaces, and quality of the spacer layer. We will study each of these types 
and discuss how big the effect is in electrodeposited Co/Cu multilayered nanowires. 
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2.6.1.1. Exchange Coupling Through Pinholes 
 Exchange coupling in magnetic materials is a quantum mechanical effect that 
results in electrons preferring similar spin directions. Because magnetic moment is 
connected with the spins of electrons, materials with higher exchange coupling capability 
tend to have larger single domain grains. This capability is usually referred to as the 
exchange parameter or exchange constant “A”. For example, cobalt has a higher 
exchange constant than Fe or Ni, resulting in larger domain size. 
 In continuum, the exchange energy is given by: 
)( 222 zyxex MMMAE ∇+∇+∇=           (2.6) 
where A is the exchange constant, xM∇  is the gradient of the x-component of 
magnetization. Single domains are formed to minimize this energy. As clearly seen in 
equation 2.6, the exchange energy is minimized when the material has uniform 
magnetization ( 0=∇=∇=∇ zyx MMM ), i.e., single domains. 
 Counter to this effect, there is magnetostatic energy that is large within single 
domains. In magnetic materials, exchange and magnetostatics usually compete and the 
result is multi-domains with certain domain wall widths and domain size. 
 In Co/Cu multilayered nanowires, if the Cu layers are not deposited uniformly, or 
are too thin, there may be pinholes through the layer which connect the two adjacent Co 
layers. If this happens, exchange coupling between the Co layers may take place, 
resulting in two adjacent Co layers having similar magnetization directions. Of course 
this is unwanted because it defeats the goal of hav
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2.6.1.2. Dipole Field Coupling 
 Dipole field coupling is a type of magnetostatic coupling that occurs between two 
magnetic elements that are placed next to each other such that the total magnetostatic 
energy of the system is minimized. Here, the magnetic flux from each element closes into 
the flux of the other element. This type of coupling enhances the stability of each 
magnetization by introducing a dipole field Hdip in the same direction as the 
magnetization. The magnitude of Hdip is inversely proportional to the cube of the distance 
between the layers and thus very sensitive to the spacing between the layers. 
3
).ˆ(ˆ3
x
mmnnH dip r
rr
r −
=            (2.7) 
where m
r
 is the magnetic moment of the source point, and nˆ  is a unit vector between m
r
and the observation point. Note that the magnetic moment of the other element is not 
included in this equation because we are only measuring the magnetic field from one 
element onto the other. Therefore, for a system of two magnetic elements, equation 2.7 is 
used to find the dipole field from each element onto the other. Of course, this equation 
assumes point sources so it is just an approximation. 
 In Co/Cu multilayered nanowires the dipole field acting on each Co layer is a sum 
of the individual fields coming from all adjacent layers. Because this field scales with 
1/(distance)3, only the few nearest neighbor layers contribute to the total field seen by a 
given layer. We will discuss the magnitude of dipole fields seen in Co/Cu multilayered 
nanowires in chapter 6.  
 
  
2.6.1.3. Neel Coupling
 Neel or orange-peel coupling is a magnetostatic effect that occurs due to rough 
interfaces. Suppose that we have a sandwich FM/NM/FM structure with rough interf
as shown in Fig. 2.5. Then beside the dipole or magnetostatic field (H
between the two FMs, there exists a field H
field (Hn) is called the Neel field and it is a magnetostatic field that ar
magnetic positive surface charge formed at the rough interface [
 
Fig.  2.5. Schematics of the origin of Neel “orange
with rough interfaces 
 
In electrodeposited C
but are likely to be similar to 
transfer torque switching have been seen in electrodeposited devices
field can be ignored in these structures.
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2.6.1.4. RKKY Coupling 
 Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling is the interaction of localized 
magnetic moments in a nonmagnetic host by interacting through the conduction electrons 
[54,55]. It is also often called interlayer exchange coupling. RKKY interaction oscillates 
between antiferromagnetic (AF) and ferromagnetic (F) coupling as a function of the 
nonmagnetic layer thickness [56]. Therefore, this thickness can be tuned to achieve either 
AF or F coupling depending on the application. The interlayer exchange coupling can be 
approximated as: 
r
krMMcEex
)cos()ˆˆ( 21 ⋅=              (2.8) 
where M1 and M2 are the localized moments, k is the magnitude of the propagation 
vector, and r is the distance between M1 and M2. As seen in equation (2.8), the coupling 
strength decreases as it oscillates and becomes negligible at very small thicknesses (~3nm 
for a Ru host) [56]. In our electrodeposited Co/Cu nanowires, small thicknesses of Cu are 
avoided and thus RKKY coupling is suppressed. In this case, the dipole field is the 
stronger effect and is responsible for antiferromagnetically couple the adjacent Co layers 
at remanance. 
 
2.6.2. INTER-WIRE COUPLING 
 Inter-wire coupling between adjacent wires can affect the magnetic properties of 
the nanowires in an array. It has been shown that nanowires grown in an array have 
smaller coercivities than single nanowires [57]. Arrays also result in canting of the 
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hysteresis loop and a reduced remanent magnetization (Mr) [58,59]. 
 For nanowires saturated along the axis, the inter-wire dipolar field between the 
wires can be expressed as [59]: 
sdip PMH π6=           (2.9) 
where P is the porosity of the wires defined as the ratio of the nanowires area by the total 
area of the template. Intuitively, the porosity depends on the spacing between the 
nanowires and thus the inter-wire dipolar field can be suppressed if the distance between 
the wires is made large enough. 
 For multilayered nanowires, a modified form of equation (2.9) is needed such that it 
includes the effect of layering. In chapter 6, the layering effect will be taken into account 
and the inter-wire dipolar field for our multilayered nanowire arrays will be calculated. 
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Chapter 3 
 
Simulation of nanowire electrodeposition inside 
porous templates  
 
3.1. INTRODUCTION 
 In recent work, devices made by electrodeposition have been proposed for magnetic 
random access memories [14] and for read sensors in future 1-10 Terabit/in2 magnetic 
recording systems [17] using electrochemical deposition in nanoporous templates. These 
devices, however, require uniform deposition and repeatable results. This is extremely 
important because for these devices, thin layers (as small as 3nm) are required. Although 
physical deposition techniques such as sputtering and evaporation can be used to deposit 
such thin layers, here the proposed devices [14,17] are composed of multilayers (as many 
as 500 layers) which are difficult to achieve through physical techniques due to the very 
long deposition times involved in these processes. Therefore, control over the uniformity 
of structures made by electrodeposition is crucial. 
 Non-uniform nanowire growth in porous templates has been observed 
experimentally [15,35]. This has been attributed mainly to the overlapping of diffusion 
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regions which produces less diffusive flux in certain pores and more diffusive flux in 
other pores, resulting in nonuniform nanowire lengths. Methods to solve for this non-
uniformity have been proposed. One, for example, uses a rotating disk electrode system 
to eliminate the time dependence of the diffusion layer thickness during deposition and 
make the deposition current density as uniform as possible all over the substrate [15]. 
Another method uses polymer templates called polycarbonate templates that have large 
spacing between the pores so that diffusion regions of the pores never overlap [36], 
resulting in completely independent pores. A third method uses pulsed or AC 
electrodeposition which typically improves the uniformity by a great amount [37]. As a 
rule of thumb, it has been proposed that a center-to-center spacing of at least twice the 
diameter of the pores is needed to produce independent deposition and thus uniform 
deposition inside the pores. 
 In this project, we will simulate electrodeposition of copper in a single pore and 
multipore templates using COMSOL Multiphysics 3.5a. We will study the effect of pore 
aspect ratio and interpore spacing on the uniformity of the deposition. For single pore 
templates, the uniformity measure will be the ratio of deposit thickness near the edge of 
the pore to the thickness at the center of the pore. For multi-pore templates (typically 
named porous templates) only three pores are considered, and the uniformity measure is 
then defined as the ratio of deposit thickness in the outer pore to the thickness in the 
middle pore. 
 Primary current distributions have been successfully calculated for recessed 
electrodes [60-62]. However, these cannot be applied to our project here because of two 
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reasons. First, kinetics involved at the electrodes were neglected in these calculations. 
Second, these calculations are for single slots (pores) and thus they cannot be used to 
model the deposition in multi-pore templates. 
 For simulation using COMSOL, we started with the Cu electrodeposition model 
provided by COMSOL [63] where deposition occurs on a recessed cathode and modified 
it such that deposition occurs on only the bottom of the recess (left schematics of Fig. 
3.1). This model assumes stagnant CuSO4 solution with no supporting electrolyte so only 
migration and diffusion terms are included in the overall deposition current. It also 
assumes Butler-Volmer (B-V) kinetics and uses transient analysis to monitor the 
deposition over time. The most important feature in this model is that it accounts for the 
moving cathode during the simulation and therefore moves the cathode boundary 
conditions as deposition progresses. This is very important for realistic modeling of what 
happens experimentally. The constants and expressions used in the simulation are the 
same as those given in Ref. 63 with only the exchange current density being changed to 
50A/m2 in this project. This was important to get longer deposition times before the 
solution in COMSOL diverged. 
 
3.2. SIMULATION OF ELECTRODEPOSITION PROCESS 
 We start this section by first simulating mass transport in single pore templates, 
where only the depth of the pore is studied. Then we will move to considering the more 
general case where multiple pores are studied. Here, for simplicity, the pores are assumed 
to be trenches with 4µm width, infinite length (1m), and variable depth. We varied the 
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depth of the trenches such that the aspect ratio (AR), defined as the ratio of the pore depth 
to the pore width, is increased from 0 to 60, Fig. 3.1. 
 
 
Fig.  3.1. Schematics of the cells used in COMSOL for both single pore templates and 
multi-pore templates. 
 
3.2.1. SINGLE PORE TEMPLATES 
 As mentioned before, the width of the pore is fixed here at 4um and the depth is 
varied from 0µm to 240µm. For generality, we present our results in terms of aspect 
ratios which will take values from 0 to 60. Although commercial templates have much 
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higher aspect ratios (up to 10,000) [64], the study presented here gives an idea of what 
should be expected for extremely deep pores. 
 Figure 3.2 shows the simulation results of the single pore geometry (left schematics 
of Fig. 3.1) for simulations times up to 1.5s and for a pore of aspect ratio of 2. The upper 
limit in the simulation time was determined by when the solution diverged. The solution 
usually diverged when the moving mesh hit a corner or a fillet corner. Fig. 3.2a shows the 
normalized current density across the cathode. As seen, the current distribution becomes 
more non-uniform as deposition progresses. However, the deposition has been shown to 
be still under control and Cu deposited almost uniformly across the cathode, Fig. 3.2b. 
We think the valleys seen near the edges of the pore in Fig. 3.2b are due to the fact that 
diffusive species have difficulty reaching the corner of the pore, reducing the total 
amount of flux approaching the corner and hence the lesser deposition on the corners. 
Fig. 3.2c shows the potential profile along a vertical line connecting the midpoints of the 
anode and cathode. Similar curves are shown for an aspect ratio of 60 in Fig. 3.3. 
  
Fig.  3.2. COMSOL simulation results of single pore templates
Current distribution (b) Deposit thickness (c) Potential distribution.
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 of aspect ratio=2
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Fig.  3.3. COMSOL simulation results of single pore templates of aspect ratio=60. (a) 
Current distribution (b) Deposit thickness (c) Potential distribution. 
 
  
 Figures 3.4 and 3.5 show the concentration profile across the top of the pore and 
across the solution for cells with aspect ratios of 2 and 60, respectively. It is important to 
note that the concentration is almost uniform across the top of the higher aspect ratio pore 
meaning that diffusion boundary layers
diffusion is taking place deep down the pores
the diffusion boundary layer does extend to
problem for single pore templates. As we will see later, this will be a big problem in 
multi-pore templates and will be the origin of the observed nonuniform deposition.
Fig.  3.4. Concentration profiles for electrodeposition in single pore templates wi
ratio=2. 
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Fig.  3.5. Concentration profiles for electrodeposition in single pore templates with aspect 
ratio=60. 
 
 Figure 3.6a shows the electrolyte resistance and deposition rate for the single pore 
geometry as a function of the aspect ratio of the pore. As seen, the resistance increases 
linearly with the aspect ratio and this is expected because the total length of the 
electrolytic cell increases with aspect ratio and the resistance increases linear with the 
length. Later in the text, we will provide a simple model based on the geometrical 
resistances of the cell that agrees very well with the data of Fig. 3.6a, and the origin of 
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the linearity will be clarified. The deposition rate decreases monotonically with aspect 
ratio. This is because the deposition rate follows the same shape of the current which has 
a 1/AR dependence since both I=V/R and R increases linearly with AR. Fig. 3.6b shows 
the uniformity measure of the deposition in single pore template. Here, the current 
density and deposit thickness on the edge of the pore are divided by those at the center of 
the pore. As seen, the deposit becomes more uniform at high aspect ratios. Projecting this 
to deposition, this means that for single pore templates the deposition starts out uniform 
and as soon as the deposition approaches the surface of the pore, it becomes less uniform, 
but not by much (see y-axis values of Fig. 3.6b). Figure 3.6c shows the diffusion 
boundary layer thickness as a function of the aspect ratio. This agrees with what we said 
earlier on Figures 3.4 and 3.5 in that the diffusion regions can reach the surface of the 
pore if the pore is shallow. Although this is not important for single pore templates, it is 
extremely important for porous templates where overlapping of diffusion regions in 
shallow pores cause nonuniform deposition in these pores. This will be further explored 
in the next section where we simulate deposition multipore templates. 
  
Fig.  3.6. Summary of results for simulated electrodeposition in single pore templates.
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3.2.2. CLOSE-PACKED POROUS TEMPLATES 
 Here, we consider three pores and varied both the spacing between them and the 
aspect ratio of the pores. Figure 3.7 shows the thickness ratio, defined as the ratio of the 
deposit thickness in the outer pores to the deposit thickness in the inner pore, as a 
function of the aspect ratio of the pores for different center-to-center spacing. Here, it is 
seen that the thickness ratio decreases monotonically towards a value of 1 when the 
aspect ratio increases. Interestingly, when the spacing is 2 times the width of the pore, the 
thickness ratio still showed dependence on the aspect ratio, but by 3 times the width, the 
deposition is fairly uniform all the way to the top of the pore. 
 
Fig.  3.7. Summary of simulated deposition in multi-pore tmeplates. 
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 Figure 3.8 shows the electrolyte resistance of the 3 pore system as functions of the 
aspect ratio and spacing between the pores. Fig. 3.8a shows a linear dependence of the 
resistance on the aspect ratio when the center-to-center spacing was 3*w, where w is the 
width of the pore. This is similar to the results above for single pores. Fig. 3.8b shows the 
resistance of the 3-pore system as a function of the spacing between the pores. As seen, 
the resistance decreases as the spacing increases. This is only true for the 3-pore system 
where increasing the distance between the pores decreases the resistance because the 
diffusiong regions overlap less. This result should not be confused with conventional 
porous templates where the higher the density of pores (less spacing) the smaller the 
resistance. It is seen from the trend of Fig. 3.8b that the resistance would level out at 
higher spacings which is expected because the pores will no longer influence each in this 
case. 
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Fig.  3.8. Simulated resistance of multi-pore templates during electrodeposition. 
 
3.3. ANALYSIS OF RESULTS 
3.3.1. RESISTANCE MODEL TO FIND CONDUCTIVITY OF ELECTROLYTE 
 As seen in Fig. 3.6a and Fig. 3.8a, the resistance of the cell exhibits a linear 
dependence on the aspect ratio for both the single pore and multi-pore models. In this 
section, we are using simple geometrical resistances to model the linear behavior seen in 
our data. We assume no dependence on the spacing between the pores (i.e., large spacing, 
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see Fig. 3.8b). Therefore, our mission here is to analyze the data of Fig. 3.6a (single pore 
results) and Fig. 3.8a (multi-pore with s/w=3). First we start with writing the general 
equation of a line in the x-y space. 
ARslopeRARR *)( 0 +=           (3.1) 
where R0 is the y-intercept observed in our data. We need to determine the slope for the 
two cases studied here (i.e., for the single pore and multipore templates). Figure 3.9 
below shows a proposed simplified model of the total geometrical resistance of our cell 
for both the single pore and 3-pore templates. Again, the spacing between the pores is 
assumed to be large so that interpore effects are minimized (see tail of Fig. 3.8b). 
 
Fig.  3.9. Equivalent circuit model of single and multi-pore cells used in our simulation. 
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 In this model, R0 represents the resistance of the cell without any pore or with pores 
of aspect ratio of 0. Note that R0 is different in both cases due to the different dimensions 
of the zero aspect ratio cell in both cases. According to the equivalent circuit model 
shown in Fig. 3.9, the total resistance of the cell including N number of pores is given by: 
N
R
RR p+= 0       (3.2) 
where Rp is the geometrical resistance of the pore and is given by: 
A
hR p κ
=       (3.3) 
where h is the depth of the pore, κ is the conductivity of the solution, and A is the cross 
sectional area of the pore given by A=w*z, where z is the inward dimension and usually 
set to 1m in COMSOL. Substituting eq. 3.3 in eq. 3.2 and using AR=h/w and A=w*z 
yields: 
AR
zN
RR *10 κ
+=       (3.4) 
This means the slopes of the data in Fig. 3.6a and Fig. 3.8a are given by 1/Nκz where 
N=1 for Fig. 3.6a and N=3 for Fig. 3.8a. To verify the validity of this model, we checked 
the actual slopes of figures 3.6a and 3.8a and it was found that the slope of the resistance 
curve of Fig. 3.6a (36.5mΩ) is 3.067 times larger than that of Fig. 3.8a (11.9mΩ) which 
is very close to 3 (the value of N). In addition, we took one step further in trying to 
estimate the conductivity of the solution from the slope of the data. Using a value of 
z=1m, the conductivity of the solution was estimated to be 27.4 S/m and 28 S/m using 
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data of Fig. 3.6a and Fig. 3.8a, respectively. 
 
3.4. CONCLUSIONS 
 In this project, we successfully simulated the electrodeposition of Cu in single and 
multi-pore templates using COMSOL multiphysics. For single pore templates, the 
deposition was found to start uniformly across the pore. As the deposit approaches the 
surface of the pore, the deposition becomes non-uniform in the sense that it gets thicker 
on the sides than in the middle of the pore. However, the difference in these thicknesses 
is extremely small so the issue of inter-wire non-uniformity is, in our opinion, not 
important. For multi-pore templates, however, the deposition starts uniformly across the 
pores and as the deposition approaches the surfaces, diffusion regions from the different 
pores start to overlap due to the decreased aspect ratio. This causes less deposition in 
some pores and more deposition in others. This was solved by increasing the spacing 
between the pores. It was found that when the center-to-center spacing between the pores 
is three times the width of the pores the interpore non-uniformity is minimized, resulting 
in uniform thicknesses in all the pores. 
 The total resistance of the multi-pore template deposition cell having N number of 
pores with large center-to-center spacing was analyzed and an equation relating the 
resistance to the different parameters was derived. Resistances evaluated from this 
equation were shown to have great agreement with the simulated resistances. 
Furthermore, this equation along with the simulated data was used to estimate the 
conductivity of the CuSO4 solution. 
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Chapter 4 
 
Novel Magnetoresistive Structures Using Self 
Assembly and Nanowires on Si 
 
4.1. INTRODUCTION 
 Anodic Aluminum Oxide (AAO) is a promising template material for fabricating 
nanowires because of its self-assembled nanopores whose dimensions can be precisely 
controlled by tuning the different anodization parameters [65]. As well as having free 
standing AAO templates, the AAO can be integrated onto Si substrate [29,66-68] to open 
the road of making devices such as MRAM and catalysts that benefit from the 
combination of silicon processing and the self-assembly properties of AAO. 
 AAO templates can be made using two-step anodization which results in highly 
ordered and straight nanopores [25]. A major concern for integrated nanowires is the 
removal of the barrier layer, which is a thin aluminum oxide layer existing at the bottom 
of the pores. This must be removed or thinned before efficient electrochemical deposition 
of nanowires can occur. Several methods have been used to remove this barrier. One 
 45 
 
method involves pore widening by phosphoric or chromic acid which will result in 
removal of the barrier layer as well as widening the pores [69]. This method is 
disadvantageous in the sense that pore size is not preserved and in the worst case, the 
entire template is etched away. Another method uses Ar ion-milling to break the barrier 
layer [30]. This method has two disadvantages. It requires an ultra-thin AAO template so 
that Ar ions can reach the bottom of the pores with sufficient energy to break the barrier 
layer. It also damages the surface of the AAO as it etches the barrier, so the AAO 
thickness in this method is not preserved. A third method is to perform the second 
anodization for a very long time. A spike in the time-dependent current curve during this 
step is used as a sign to stop the anodization process exactly when the barrier is removed, 
but the template remains secure on the contact below[30, 70]. 
 Metallic nanowires can be grown in these templates by DC and AC 
electrodeposition [70-73]. Co/Cu multilayered nanowires have also been electrodeposited 
in free standing AAO templates using a mixture electrolyte that contains both Co and Cu 
cations [13,14,17,18,45-47].  These electrochemically deposited multilayered nanowires 
have shown current-perpendicular-to-plane giant magnetoresistance (GMR) [13,14,17] as 
well as a spin transfer torque phenomenon (STT) [13,14,17,74,75] as will be discussed in 
the following two chapters. 
 In this work, anodic aluminum oxide (AAO) was grown as free standing templates 
and also as successfully integrated templates on Si. The three barrier removal methods 
described above were tested here. Only the third method worked in the complete removal 
of the barrier layer which was further investigated by electrodepositing Cu into pores 
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after attempting barrier removal. Therefore, this method was used in all the subsequent 
work presented in this paper. Co/Cu multilayered nanowires were successfully grown and 
their magnetic properties such as MH loops and giant magnetoresistance (GMR) were 
measured. Spin transfer torque switching was also measured in the nanowires that were 
grown in free standing AAO templates. 
 
4.2. EXPERIMENTAL 
4.2.1. FREE STANDING AAO TEMPLATES 
 Two-step anodization [25] was used to make AAO templates from electropolished 
foils of Al metal.  After anodization, the remaining Al metal was etched away with 
mercuric chloride, leaving oxide templates that contained nanopores with diameters of 10 
to 70 nm (using sulphuric acid, H2SO4), and diameters of 40 to 150 nm (using oxalic 
acid, H2C2O4). The barrier layers were etched by floating the templates on a mixture of 
phosphoric and chromic acids, and Cu films were sputtered onto the back of the 
templates. 
 
4.2.2. AAO ON Si 
 A 1µm aluminum film was evaporated using e-beam evaporation on a silicon 
substrate coated with titanium and copper films (200nm each). A two-step anodization 
process at 18C in 0.4M oxalic was then used to make a 600-700nm anodic aluminum 
oxide (AAO). The anodization voltage was kept constant at 40V during the two 
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anodization steps. After the first anodization which was run for 4 minutes, the resulting 
AAO was etched away using a mixture of 1.8wt% chromic acid and 6wt% phosphoric 
acid for 30-45 minutes at 60C. The resulting aluminum, which was about 600nm thick, 
was then anodized a second time using the same parameters to create a 600-700nm thick 
AAO with pore diameter of 40nm and inter-pore spacing of about 100nm. In addition to 
growing these latter pores directly onto Si, they were also grown onto 
Co(20nm)/Cu(10nm)/Co(10nm) thin films that were evaporated onto Si. 
 The barrier layer was removed by running the second anodization step for a much 
longer time. For the case of Si/Ti/Al samples, which were used initially, this method 
failed in the removal of the barrier. However, for the case of Si/Ti/Cu/Al samples, this 
method succeeded in removing this barrier. 
 
4.2.3. MAGNETORESISTIVE NANOWIRES 
 DC electrochemical deposition was carried out at room temperature to grow Co/Cu 
multilayered nanowires in the AAO membranes. The electrolyte solution was made of 
155 g/L CoSO4.7H2O, 1.13 g/L CuSO4 and 50g/L H3BO3. Cyclic voltammetry was used 
to determine the cathode potential for Cu and Co deposition (-0.52 and -1 volts 
respectively) [47]. The purpose of H3BO3 was to maintain the pH value of the solution at 
3.7. 
 Multilayered Co/Cu nanowires were fabricated with different layer thicknesses by 
controlling the deposition time of each layer. For the Si-integrated nanowires, 50 bi-
layers of Co(7.5nm)/Cu(5nm) were grown with a thick Cu layer (about 50nm) deposited 
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prior to and after the deposition of the multilayers. Field emission scanning electron 
microscopy (FESEM) was used to study the structure of the AAO and nanowires. 
Magnetic properties of the samples were verified by a vibrating sample magnetometer 
(VSM). Magnetoresistance was measured using an ac and dc magnetotransport systems 
with biasing currents of 1mA. STT switching was measured in multilayered nanowires 
grown in the free standing AAO membranes. 
 
4.3. RESULTS AND DISCUSSION 
4.3.1. FREE STANDING AAO TEMPLATES 
 As the AAO was formed, using a two-step anodization process, columnar 
nanopores self-assembled inside the oxide to form a close-packed array.  The pore 
diameters were varied from 10-150nm by changing the anodization conditions 
[27,28,65]. As the diameter of the AAO nanopores decreased, the distance between the 
nanopores also decreased.  The free-standing membranes had pores with lengths of 
17µm. Figure 4.1 shows top view SEM images of free standing AAO templates before 
and after pore widening. Here, the pore diameter was ~40nm before widening and 
became ~55nm after 40 minutes of pore widening in 5wt% phosphoric acid. Note here 
that the pores became more circular and more ordered after widening. 
  
Fig.  4.1. Top view micrographs of homemade AAO templates before and after 40mins 
of widening in phosphoric acid.
 
4.3.2. AAO ON Si 
 It was possible to vary nanopore diameter
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s without changing spacing.  This 
 
can be 
  
a great way to analyze the effect of interwire magnetic interactions on the 
magnetoresistive (MR) properties, which will be done in the future. The initial MR 
characterization is reported
chapters. Figure 4.2 shows SEM images of self
different pore sizes and fixed spacing.
Fig.  4.2. SEM images of self
size of 40nm and 100nm spacing (0.4M oxalic acid at room temperature), (b) top view 
with pore size of 30nm and 100nm spacing (0.3M oxalic acid at 5
sectional view of AAO on Si/Ti 
 
 Figure 4.3 shows the time dependence of the current during the long
anodization step. Fig. 4.3
where the second anodization did not result in any spikes in t
the barrier was not broken. Fig. 4.3b
substrate where the current increased very rapidly at about 270s, and then came back to 
its low value at about 350s. The flat part on the top is f
which is 105mA. During this spike, the Cu film tended to be very reactive to the acid
it was completely gone after this spike. Thereafter, the sample behaved much like the 
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 in this chapter and will be further discussed in following 
-assembled nanopores grown on Si with 
 
-assembled nanopores grown on Si (a) top view
oC), and (c) cross
showing the barrier layer at the bottom of the pores
a represents the second anodization of Al on Si/Ti substrate 
he current, 
 represents the case of having Al on Si/Ti/Cu 
rom the instrument current limit 
 
 with pore 
-
.* 
 second 
and this means 
, and 
  
Si/Ti/Al sample. We thus used this spike as a 
process as shown in Fig. 4.3c
the curve was proven to be an ideal method to completely 
maintaining good contact with the underlyi
not given the sufficient time for the rapid increase in current
4.3d, then the barrier layer remained at the bottom of the pores
electrodeposition of nanowires was not 
Fig.  4.3. Time dependence of the current during the (a) 2nd anodization of Al on Si/Ti 
substrate for 500s, (b) 2nd  anodization of Al on Si/Ti/Cu substrate for 500s, (c) manually 
stopped 2nd anodization of Al on Si/Ti/Cu substrate at the early
(d) manually stopped 2nd 
 
 Attempts at electrochemical deposition inside the pores was
presence or the absence of a barrier layer in each sample. Figure 4.4 shows the behavior 
of the current while attempting
51 
sign to manually stop the anodizat
. Manually stopping the anodization process at this point of 
etch the barrier layer
ng Cu. However, if this anodization step was 
 to appear, 
 
possible. 
 stages of the spike, and 
anodization of Al on Si/Ti/Cu substrate before the spike.
 used as evidence of the 
 electrodeposition of Cu in pores of samples 
ion 
 while 
as shown in Fig. 
and subsequent 
 
* 
that had been 
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treated using the three methods described above. As seen in Fig. 4.4, only the third 
method resulted in a large, uniform current during deposition that can only be obtained 
when a good contact has been made between the electrolyte and the metal electrode 
below the pores.  The remaining barrier layer in samples processed by the first two 
methods essentially acts as an insulator that prevents the electrolyte from accessing the 
electrode. 
 
Fig.  4.4. Time dependence of the current during DC electrodeposition of Cu in pores 
whose barrier layers were treated using (a) Ar ion milling for 15mins, (b) pore widening 
in 5wt% H3PO4 for 45mins, and (c) very long second anodization.* 
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4.3.3. MAGNETORESISTIVE NANOWIRES 
 Using the free standing AAO templates, the highest magnetoresistance was found 
in nanowires that had hysteresis loops that were identical as measured in plane and 
perpendicular to the plane.  The highest measured MR (∆R/R = 11%) of the multilayers 
was calculated as 33% by subtracting the resistance of the Cu leads on either side of the 
multilayers from the denominator [14]. Figure 4.5a shows MH loops of 50 bilayers of 
Co(7.5nm)/Cu(5nm), in which the sample appears to have an easy axis perpendicular to 
the nanowires. 
 Compared to the relatively high MR value obtained from nanowires grown in free 
standing templates, nanowires on Si were found to have a lower value which was 
measured to be 2-3%, Fig. 4.5b-c. This may be due to larger lead resistance due to bad 
contacts, which is difficult to measure with these integrated samples, but improved 
contact methods in the following chapters mitigated this problem. The MR curve had a 
broader peak for the case where the field was applied parallel to the wires because the 
demagnetization fields due to the shape anisotropy of the Co layers inhibited switching 
until higher applied fields. 
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Fig.  4.5. MH loops of Co(7.5nm)/Cu(5nm) multilayered (50 bi-layers) nanowires with 
the field perpendicular (blue) and parallel (pink) to the wires (a), and magnetoresistance 
when the field is perpendicular (b) and parallel (c) to the wires.* 
 
4.4. CONCLUSIONS 
 Anodic aluminum oxide (AAO) was fabricated as free standing membranes and as 
successfully integrated templates on Si with pore sizes that were varied between 10-1500 
nm by adjusting the anodization parameters. Into these templates, Co/Cu nanowires were 
successfully fabricated by DC electrodeposition with an easy axis perpendicular to the 
 55 
 
wires length. These mutlilayers showed a current-perpendicular-to-plane giant 
magnetoresistance (CPP-GMR) as well as spin transfer torque (STT) switching. Co/Cu 
multilayers grown on Si had a GMR ratio of 2-3% which is lower than that of the same 
multilayers grown in free standing templates. This might be due to the lead resistance in 
this integrated structure which was improved in the study below. With diameters in the 
10-150 nm range and integration with Si, these nanostructures have great potential for 
future nanosensors, MRAM and microwave oscillator arrays. 
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Chapter 5 
 
Low-Resistivity 10nm Diameter Magnetic 
Sensors 
 
5.1. INTRODUCTION 
 As device dimensions are reduced [76,77] below the scale of electron mean free 
paths (λe), electrical resistivities at the nanoscale have increasing scientific interest and 
technological importance. This is especially true for magnetic read sensors with 
dimensions less than 40nm (~λmetals). Models of resistivity often predict difficulty for 
device designers planning to use 10-40nm dimensions due to potential surface and grain 
boundary scattering.[78-81] Experimental measurements of electron transport in metallic 
nanostructures have also been extensive, but challenging, due to contact design, corroded 
surfaces, grain boundary resistances, and scattering losses, especially for nanowires with 
exposed edges.[82-86] For copper alone, reported resistivities have varied by several 
orders of magnitude depending on fabrication and measurement techniques.[86-89] Here, 
resistivities of 10nm-diameter metallic wires were measured in densely-packed, vertical 
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arrays inside anodic alumina templates using an atomic force microscope (AFM) tip as a 
top contact. These arrays are excellent candidates for devices such as array read sensors 
[17,90], highly-dense magnetic random-access memory [17], and self-assembled 
electronics.[91] Therefore, the results reported here not only promise to improve near-
term read sensors, but also to point the way to low resistance interconnects which will 
quench growing concerns that the ‘size-effect’ is threatening to halt progress along the 
International Technology Roadmap for Semiconductors (ITRS).[92] 
 Other high-density arrays have been proposed for hard drive media where 
increasing recording density requirements [93,94] have motivated the fabrication of 
magnetic nanoscale assemblies with long range order using advanced nanotechnologies, 
including self-assembly, [95-105] e-beam lithography,[106-107] and block 
copolymers.[108-114] In fact, guided self-assembly is considered to be the leading 
candidate for bit patterned magnetic recording. The new technologies expected to be 
introduced at 1-1.5 TBit/inch2, such as Heat Assisted Magnetic Recording (HAMR) and 
Bit Patterned Magnetic Recording (BPMR), will have reduced media Bit Aspect Ratios 
(BAR) with track pitches of about 30 nm, suggesting a need for < 20 nm diameter read 
sensors.[115,116] In all cases, the critical dimensions will be reduced quickly as 
recording densities increase. Consequently, there is an immediate need for suitably scaled 
read sensors. Similar to the semiconducting nanowires that are revolutionizing 
nanoelectronics,[117-121] the 10nm diameter magnetic metal nanowires introduced here 
offer a potential path for sustaining the rapid evolution of magnetic recording.  
 Current read sensors primarily use tunneling magnetoresistive (TMR) sensors, 
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which are composed of an oxide layer (such as MgO) sandwiched between two 
ferromagnetic metal layers. These heads are excellent for today’s dimensions (bits ~ 15 
nm x 75 nm) with magnetoresistances (MR=∆Rmagnet/R ) of about 70%. However, the 
demands of device integration prefer resistances (R) below 300Ω, which means that the 
resistance-area (RA) products must be substantially decreased as the element areas 
decrease with recording density. Today, the minimum RA products of TMR sensors 
(~1Ω.µm2) are acceptable, but progressively smaller values will be required for future 
read sensors to have feasible signal-to-noise ratios (SNR). [122] In addition, excess 
resistance means that TMR resistance-capacitance (RC) time constants will be too large 
for high-speed performance at small element sizes. Finally, large resistances produce 
Johnson noise and heat which is difficult to dissipate. This has led researchers to examine 
all-metal “current perpendicular to the plane giant magnetoresistive” (CPP GMR) 
structures, [8-10,123-126] which are calculated to have high signal to noise ratios [124] 
at the recording densities of the nano-enabled media (1-10 Tb/in2) mentioned above. 
 Experimentally, however, vacuum-deposited CPP GMR structures have low 
magnetoresistances as volume/sidewall ratios decrease because device etching destroys 
the interfaces between the ferromagnet/nonmagnet/ferromagnet layers at the sidewalls. 
Pioneering attempts to increase the magnetoresistance of CPP GMR structures have 
included the use of nano-oxide layers (NOL) and Heusler-alloy magnetic soft layers.[8, 
123] In NOL devices, co-deposition of Al or Si within the device layers is followed by a 
controlled oxidation to produce insulating Al-O or Si-O boundaries between the magnetic 
grains.[7,8] Large variations in grain morphology typically lead to unpredictable device 
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performance even at large sensor dimensions. In Heusler-alloy devices, thick seed layers 
are required.[9,10] In all of these cases, vacuum-deposited thin films were patterned into 
either ellipsoidal or cylindrical pillars, the smallest of which were 30nm-diameter 
cylinders. Also, in all cases, the magneotresistance decreased with diameter until it is 
negligible below 30nm. 
 Here, nanoporous aluminum oxide templates with 7 to 20nm diameter pores were 
made using electrochemical anodization of Al. CPP GMR structures were then designed 
and electrochemically deposited into these pore arrays. Magnetotransport measurements 
found that these structures met or surpassed what has been demonstrated in read 
structures using conventional vacuum deposition and lithography. These parameter 
improvements are significant because our structures are up to 10x smaller in area 
compared to current state-of-the-art laboratory read sensors that have 30nm diameters 
(707nm2).[124] These results hold technological as well as scientific importance because 
electrochemical techniques are already used in construction of magnetic recording heads, 
including shields and write heads. Also, the deposition described here can be used to 
grow read sensors into not only aluminum oxide pores, but into any insulating nanohole, 
including those in e-beam resists and/or block copolymers. The thick permalloy films that 
are needed for magnetic shielding of read sensors can be used as growth electrodes 
because there is no need to have a seed layer with these Co/Cu layers, Figure 5.1. 
Therefore, facile integration of these sensors with commercial fabrication processes is 
possible. 
  
Fig.  5.1. 3D schematic of a 10
Co/Cu/Co nanowire, sandwiched by two permalloy shields, is shown reading a bit 
patterned medium.** 
 
5.2. EXPERIMENTAL
 Nanopores were made by anodizing both Al foils and Al films on Si
purity alumina foils (> 99.99%) were degreased in acetone for 10 minutes at room 
temperature and rinsed subsequently in methanol, isopropyl alcohol (IPA), and finally 
with deionized (DI) water. After drying in nitrogen, the native oxide layer
using a 1 M NaOH solution for 3 minutes. A DI water rinse and N
by electrochemical polishing to remove surface defects of the Al foil. The 
electrochemical polishing solution was a 1:5 mixture of perchloric acid (HClO
ethanol, and a constant potential of 18 V at 6
anodized in sulfuric acid at various voltages, temperatures and acid concentrations to 
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-nm diameter read sensor. This 10nm-diameter trilayered 
 
2 drying were followed 
oC was applied. After this, the foils were 
. First, high 
 was removed 
4) and 
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explore the minimization of pore size. The resulting nanoporous oxide was etched using a 
mixture of 1.8 wt% Chromic acid (Cr2O3) and 6 wt% Phosphoric acid (H3PO4) at 60oC 
for 20 minutes. The remaining Al foil was then anodized again under identical conditions 
for 3 hours to produce uniform nanopores inside a new oxide layer that was 17µm thick. 
For templates on Si, Ti (200nm)/Cu (200nm) electrodes were first evaporated onto Si, 
followed by evaporation of a 1 µm thick Al film which was then anodized similarly to the 
foils above but with different times to produce 190nm thick AAO. This Si-integrated 
AAO was used for all of the read sensor studies. 
 Next, a single electrolytic bath was used to electroplate trilayered 
[Co(15nm)/Cu(5nm)/Co(10nm)] structures with copper leads inside the AAO nanopores.  
The bath composition was 155 g/l CoSO4, 1.13g/l CuSO4 • 7H2O and 50 g/l H3BO3 to 
maintain the pH at 3.7. Co and Cu layers were deposited using -1.00V and -0.52V, 
respectively, versus a Ag/AgCl reference electrode. The structures of the nanopores and 
nanowires were characterized by scanning electron microscopy (SEM JEOL6700). More 
information on the crystalline structure and magnetic properties of electrodeposited Co is 
given in ref [25]. 
 Single wire resistances were measured using a conductive AFM tip and a fixed 
current of 100uA while measuring the voltage across the wires. The bottom contact was 
the conductive film (Ti/Cu) onto which the nanowires were electroplated. Spin torque 
switching was measured by sweeping the current from +100mA to -100mA and back 
while the voltage was recorded using a Keithley 2400 sourcemeter. A magnetic field was 
applied in-plane (perpendicular to the wires) by an
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measured using a 2.5mA current and sweeping the applied magnetic field.  
 
5.3. RESULTS AND DISCUSSION 
5.3.1. TEMPLATES 
 First, a process for making reproducible, very small nanoholes was developed using 
two-step anodization of aluminum foils and also films on metal-electrode coated Si.[25] 
Although anodizing voltage has been the primary parameter used to reduce pore 
diameters from 250 to 25nm with a well-known linear dependence [27], here we show 
that at lower anodization voltages, the nanopore diameter can be independent of voltage, 
Figure 5.2. Therefore, to achieve smaller diameters, other parameters such as electrolyte 
dilution and temperature were explored. We found that pore sizes decreased by 0.3nm/oC, 
but only down to 1oC (~10nm), below which the solution started to freeze. Electrolyte 
dilution was then optimized to get diameters smaller than 10nm, but careful monitoring 
of the thermal conditions was important. For repeatability, the 10nm samples in this study 
were grown under very similar thermal conditions to minimize variability between 
samples. Figure 5.2 shows scanning electron micrographs and histograms of nanopores 
made at different anodization voltages and electrolyte concentrations. 
  
Fig.  5.2. (a-c) Diameter histograms of nanopores formed by anodization at vari
voltages and concentrations of H2SO4 at 1 oC, as shown in the micrographs in (d
summarized in (g).  A temperature study revealed an increase in diameter by 0.3nm/oC so 
local heating must be carefully controlled. Circled data points in (g) corres
nanopores that were imaged using SEM as shown in the colored images. The pore size 
and distribution shown here are analyzed over large areas using 
 
 Although these nanopores are excellent templates, the read sensors discussed 
below, or any CPP GMR structure, can be electroplated into a variety nanoporous 
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templates, including those being developed for bit patterned media (BPM). This is 
important for mass production of read sensors, RAM or 3D nanoelectronics, where long 
range order will be necessary. Long range order in alumina templates can be achieved b
anodizing nanoimprinted Al,[
pores. Although very expensive, imprint stamps with 5 to 20nm features have been made 
industrially via large scale lithography.[127
master stamps can be used to produce hundreds of wafers with 105
electrochemically-grown magnet
from the e-beam masters can be produced in order to again multiply the number of 
sensors from each master by 
device will not be a barrier to i
lithography costs continue to decrease due to faster resists and writing software.
Fig.  5.3. Nanoimprinted aluminum anodized using 160V in 1% phosphoric acid at 0oC. 
Pores in the resulting oxide self
diameters).** 
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] It is important to note that the expensive 
ic devices on each wafer. In addition, daughter stamps 
several orders of magnitude. [127] Therefore, the cost per 
mplementation for industry, especially as e
 
-assembled to align with imprints (74+/
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5.3.2. LOW RESISTIVITY NANOWIRES 
 Next, electrochemical deposition was used to fill the alumina templates, and the 
resistivities of resulting 10nm-diameter, 190nm-long wires were measured using Au-
coated AFM tips and 100µA. The GMR structure discussed below was 30nm long, so the 
Cu leads were 160nm long in this feasibility study. The top Cu was grown out of the 
pores, and then it was polished back so that the tops of the wires were level with the 
surface. Varying pressures were applied to the AFM tip as it was lowered onto the 
surface in order to make contact with 1-3 wires. A histogram was then constructed using 
40 resistance measurements, Figure 5.4.   In the first ten measurements, a cluster of 8 
resistance readings occurred in the range of 100-129Ω with two single points at 155Ω 
and 160Ω. All possible combinations of pairs of these 10 single nanowire measurements 
were calculated and compared to the next cluster of readings that occurred at 50-68Ω 
with an average and standard deviation of 57Ω and 5.5Ω, respectively.  The average and 
standard deviation of the 45 calculated combinations yielded 59Ω and 6.3Ω, respectively. 
A similar comparison for all 120 combinations of three single wires (39.2 ± 3.1Ω) was 
compared to the next grouping of measured resistance values (40.5 ± 3.3Ω).  These 
simulated combinations are plotted next to the measured data to match the spread in the 
values in Figure 5.4. These results indicate that the first 10 measurements were those of 
single wires with resistances of 119.8 ± 21.6Ω. This average and distribution corresponds 
to 3.2 times the resistivity of bulk copper (ρo), or 5.4 µΩcm for the average diameter 
(10.6 ± 1.7nm) determined from micrographs such as Figure 2b using ImageJ. [128] The 
high resistance “tail” of the data shown in Figure 5.4 is expected for an inverse Gaussian 
  
distribution that arises from resistances of nanowires with Gaussian distributions in 
diameters and therefore in areas (Figure 
between resistance and area, 
 
Fig.  5.4. Resistance histogram of 10nm nanowires measured (purple) while inside the 
AAO matrix. The measured groupings were separated by resistance gaps as 1, 2, or 3 
wires were contacted. Blue points correspond to the 45 combinations (combos) of a
two measurements of the individual nanowires.  Green points correspond to all 120 
possible combinations of any three individual nanowires.
 
 The ITRS “size eff
(ρo) is usually attributed t
using the Fuchs-Sondheimer (FS) theory [
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5.2b).  This occurs due to the inverse relationship 
R = ρ l /A where l was 190nm for all of the wire
 
** 
ect” of increased resistivity (ρ) in nanowires compared to bulk 
o electron scattering from surfaces. A popular approximation 
129,130] for cylindrical wires is
s.  
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ρ = ρo*[1 + ¾ (1-p)κ]  (5.1) 
where κ = D/ λe, D is the wire diameter, λe is the mean free path of the electrons (39nm 
for bulk Cu), and p is a constant (0-1) that depends on the type of electron reflection off 
the sample surfaces (from diffuse to specular). Using this approximation, diffuse 
scattering at the sidewalls of 10nm-diameter nanowires predicts resistivities of 6.4µΩcm- 
19% higher than our measured resistivities.  In reality, most lithographically-patterned 
nanowires from electroplated Cu films are even more resistive than this approximation 
predicts: resistivities comparable to that of our nanowires are only obtained with an order 
of magnitude larger cross sectional area.[131] In fact, the approximation in (5.1) was 
shown to under-estimate the size effect compared to exact solutions of the FS 
theory.[132]  This result has also been confirmed analytically and numerically using an 
atomistic tight-binding approach where the resistance (R) was calculated as a function of 
wire length to determine λe using 
 R = h/2e2 (1/M + 1/λeM) = h/2e2 (1/MTave)       (5.2) 
where h and e are Planck’s constant and electron charge, M is the number of conducting 
channels whose subbands cross the Fermi level and Tave is the average transmission 
probability (details in [80]). In this case, one atomic monolayer roughness was predicted 
to cause an order of magnitude higher resistivities for 10nm diameter nanowires inside 
alumina compared to bulk. Therefore, the present measurements indicate that the 
sidewalls of our nanowires must be very smooth, and the nanowires have great promise 
for device applications, such as the magnetic sensors discussed next. 
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5.3.3. NANOWIRE READ SENSORS 
 Co(15nm)/Cu(5nm)/Co(10nm) trilayers were grown inside Si-integrated 
nanoporous templates to make 10nm diameter GMR sensors, similar to the head shown in 
Figure 5.1. Previously, the focus of multilayers of Co/Cu with large Co thicknesses 
grown in free-standing AAO templates was magnetic random access memory (MRAM) 
which demands low switching current densities; that is the currents that were required to 
produce aligned or anti-aligned Co magnetizations.[14] However, hard drive read sensors 
require the opposite: high switching current densities to avoid destabilizing the head. 
Here, only one sandwich structure with thin Co layers was grown per nanowire in order 
to obtain higher switching current densities and thus to reduce read sensor noise while 
maintaining a reasonable GMR ratio.[133]  
 Magnetoresistance and current stability were measured via spin transfer torque 
(STT) curves [75], Figure 5.5. Here, the two Co layers in each wire were first set parallel 
by a 130 Oe magnetic field (used in read heads to overcome the dipole field from the 
fixed layer), and then a current through the wire was swept from +100mA to -100mA. A 
positive current is one for which electrons pass from the fixed layer to the free layer. As 
the absolute value of the current increased, the resistance showed the well-known 
parabolic Joule heating until a critical current was reached when the free Co layer was 
switched by the spin torque of the current such that it became anti-aligned to the fixed Co 
layer. At this point, the resistance exhibited a steep increase due to scattering of electrons 
from the anti-aligned magnetic layers. On sweeping back to positive currents, the Co 
layers switched back to be aligned parallel to each other again. From the areas (Figure 
  
5.2b) and resistances (Figure 
(JP-AP = -6.73x109 A/cm2
were higher and less symmetric, as expected, when a bias of 250 Oe was used (J
6.53x109 A/cm2 and JAP-P
spin torque noise in these read sensors will be minimal because operating read sensor 
current densities are subs
Fig.  5.5. Resistance of trilayered Co(15 nm)/Cu(5 nm)/Co(10 nm) nanowires as a 
function of current as the current through was swept from positive to negative (lower 
curves) and negative to positive (upper curves) in an applied field of (a) 130Oe and (b) 
250Oe. . Note that code similar to [139] calculated demag and dipole fields in the range 
of 100-200 Oe acting on the free layer.
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5.4), the switching current densities were determined to be 
 and  JAP-P= +5.66x109 A/cm2). The switching current densities 
 = +7.32x109 A/cm2), Figure 5.5b. These results indicated that 
tantially below these values.[133]  
 
** 
P-AP = -
  
 The window between the aligned and anti
magnetoresistance of 19%, a value that was comparable to those obta
magnetoresistance measurements, Figure 
aligned using a 6kOe field, then the resistance is measured as the field is swept to 
and back.  At -500Oe, the switching of the soft Co layer incr
the GMR effect, and then at 
resistance back to the aligned value. Returning to +6kOe, the resistance jumps are 
observed again due to the soft then the hard Co layers swit
also reported 10-20%MR for electrodeposited multilayered Co/Cu structures although 
with larger (30-100nm) diameters.[
0.04 Ω.µm2 with ∆RA = 0.008
copper leads. The resistance and RA product of a single trilaye
leads [137] or matrix) can then be calculated as 20
with ∆R= 4-5Ω which are nearly ideal values.
Fig.  3. Magnetoresistance of 10nm
nanowires.** 
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5.6. Here, the magnetizations of a sensor is 
eases the resistance due to 
-2.5kOe, the switching of the hard Co layer decreases the 
ching back. Other groups have 
134-136] The total RA product of our samples was 
Ω.µm2 including the area of the oxide matrix and the 
r (without the nanowire 
-30Ω and 0.002Ω.µm
 
 
-diameter Co(15nm)/Cu(5nm)/Co(10nm) trilayered 
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2
, respectively, 
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 Currently, commercial read sensors are individually patterned from their thin film 
precursors by ion milling, and then they are insulated with an aluminum oxide coating 
that has to be chemomechanically planarized. Therefore, unlike MRAM applications, the 
need to contact a single nanowire within an array is not required in read heads. Rather, it 
is a great advantage for these electrodeposited structures that they are inside a suitable 
insulator as-grown.  Therefore, using commercial fabrication techniques, a 30nm 
diameter etch will produce a 10nm diameter device that is already surrounded by 10 nm 
of aluminum oxide on all sides. 
 Even though these elements are 10x smaller in area, the properties shown above are 
comparable to state of the art CPP GMR structures grown by vacuum deposition and 
lithographic methods [123] where 30nm diameter structures have been fabricated with 
RA products of 0.043Ω.µm2 and 5.5% MR. Recall that smaller diameter structures have 
proven exceedingly difficult via lithography. The attractive results presented here are a 
result of the layers being grown in-situ: thus, the sidewalls never experience damaging 
etching conditions. Experimentally, studies have shown that sidewall rms roughness, due 
to plasma etching for instance, can be as large as 4nm. [138] As mentioned above, theory 
shows that roughnesses with standard deviations of even 1 atomic monolayer strongly 
affect electron scattering, and therefore resistance and magnetoresistance. [80]  
 For proper bit differentiation, the magnetic soft layer should be biased 
perpendicular to the fixed layer in the actual device. This can be achieved by the same 
methods currently used in read sensors, that is by use of either permanent magnets, where 
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materials such as permalloy are deposited beside the sensor.[133] Thus, the fabrication 
processes described here could substitute directly into the head fabrication process with 
simple template-growth/electrochemistry steps replacing thin-film 
growth/lithography/oxide/planarization steps that are used currently after the first shield 
is electroplated. 
 
5.4. CONCLUSIONS 
 We have measured low resistivities (5.4 µΩcm) in 10nm-diameter electroplated 
nanowires and have used these nanowires to demonstrate initial feasibility of a new class 
of read sensor for ultra-high density recording. The read sensors were sandwiches of 
Co/Cu/Co that were 10 times smaller in area than the next smallest reported read head. 
Resistance-area (RA) products of 2 mΩµm2 offer a highly desirable 20-30 Ω resistance 
even for 10nm diameter rods. We have also demonstrated 19% magnetoresistance (MR) 
and high spin torque stability (low current-induced noise) with switching current 
densities higher than 109 A/cm2. We attribute much of our advantages at these very small 
dimensions to in situ growth with no need for sidewall etching. Overall, the low-
resistivity nanowires presented here provide an unusual opportunity to enable continued 
high density growth for many nanosystems, including recording, RAM and 3D 
nanoelectronics. 
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Chapter 6 
 
Effect of the Interlayer Spacer Thickness on the 
Spin Transfer Torque Effects in Magnetic 
Multilayered Nanowires 
 
6.1. INTRODUCTION 
 Current induced magnetization reversal in magnetic multilayers has been widely 
investigated and proven both theoretically and experimentally [49-52,139-146]. These 
structures, in the most popular scenario, are composed of two ferromagnetic layers 
sandwiching a nonmagnetic layer, which can be an insulator as in the case of magnetic 
tunnel junctions (MTJ) [140-142], or a metallic nonmagnetic layer as in the case of giant 
magnetoresistive (GMR) devices [14,143-144]. In either of these architectures, the 
switching from antiparallel magnetizations (high resistance state) to parallel 
magnetizations (low resistance state) and back again has been well understood and 
mathematically formulated. Albert et al. [144] showed that the switching current densities 
of all metallic Co/Cu/Co trilayered structures vary linearly with the free layer thickness 
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and exponentially with the nonmagnetic layer thickness while having no dependence on 
the fixed layer thickness. In another study [145], the effect of the applied magnetic field 
on similar structures was studied. It was shown that the switching current densities for 
magnetic layers having in plane or perpendicular to the plane anisotropies vary linearly 
with the applied magnetic field, with lower switching current densities in the 
perpendicular case owing to the collinear demagnetizing and anisotropy fields. These 
observations, along with the mathematical formulae available for those devices 
[168,170], allow for the design and optimization of the behavior of these structures. 
Multilayered structures, on the other hand, have had very limited exploration. Although 
theoretical predictions [139] and experimental measurements [14] exist for these types of 
structures, understanding of the switching behavior and control over the current densities 
have yet to be fully realized. 
 GMR multilayered structures have been intensively studied over the past decades. 
This is mainly due to their high MR ratios which come from the direct correlation 
between MR and the number of the layers as suggested by the interface spin-dependent 
scattering model [146]. Although higher MR ratios can be seen in magnetic tunnel 
junctions, these structures have very large total resistances that can potentially lead to 
slow device speed performance due to their high resistance-capacitance (RC) time 
constants. These junctions are good for current hard disk drive read sensor applications 
where small stack thicknesses are desired for high density recording but however, 
MRAM applications may favor the all metallic GMR multilayered structures because of 
their low resistances and the potentially achievable high MR ratios. 
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 In this work, spin transfer torque switching was observed in multilayered Co/Cu 
nanowires under zero external magnetic fields. Similar to Ref. 169, we found that the 
switching current densities increase with the Cu interlayer thickness due to spin 
relaxation while still being in the 106-107 A/cm2 range. More interestingly however, we 
found that the majority of the observed increase is coming from the effective 
demagnetizing field (Heff) effect. In studying the effect of this field on the switching 
current densities, we observed that unlike conventional spin valve structures, 
multilayered structures can be engineered to have very small Heff and thus small 
switching current densities, all in the absence of external fields. This simplifies device 
complexity when structures like these are implemented in MRAM applications, for 
instance. We also observed that the magnetization easy axis of these multilayers changes 
from perpendicular to the plane to in the plane of the Co layers as the interlayer Cu 
thickness is changed, resulting in different spin transfer effects. Interestingly however, 
the high resistance state (HRS) was shown to revert always to an in-plane AP 
configuration irrespective of the direction of the magnetic anisotropy. Finally, we tried to 
relate the experimental observations to simple energy and dipole field calculations, and 
we found agreeing results. 
 
6.2. EXPERIMENTAL 
 Arrays of Co/Cu multilayered nanowires were electrodeposited into anodic 
aluminum oxide templates that contained columnar nanopores with diameters of 100nm 
  
and porosity of 22% from a mixture solu
1.13g/L CuSO4. The number of Co/Cu bilayers was fixed at
individual Co layers was fixed at 10nm. The c
perpendicular to the plane of the layers by adjusting the pH of the solution to 5.8 using 
diluted NaOH. The thickness of the Cu spacer layers is the
was varied from 3nm to 20nm. A long Cu lead was deposited prior to and after the 
deposition of the multilayers and polishing was performed after nanowire outgrowth was 
observed. The samples were then transferred to the vibr
(VSM) to measure their static magnetic properties. Room temperature magnetotransport 
measurements in the absence of external magnetic fields were then performed, Figure 
6.1. Here, a 10µm diameter contact was applied to the tips of
was swept from -10mA to 10mA and back while the voltage across 
recorded. The resistance dV/dI
Fig.  6.1. Schematics of the spin torque switching measuremen
magnetization configuration.
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6.3. RESULTS AND DISCUSSION
6.3.1. MAGNETIZATION HYSTERESIS LOOPS
 Figure 6.2 shows x
mixture at pH=5.8. As seen here, the Co layers have a main (002) peak indicating a 
perpendicular c-axis. Our Co/Cu multilayered wires studies here were grown from the 
same electrolyte and thus their Co layers have perpendicular c
Fig.  6.2. X-ray diffraction pattern for Co wires deposited at pH=5.8.
 
 Figure 6.3 shows magneti
[Co(10n)/Cu(tCu)]200 multilayered nanowire samples for different values of 
similar to our previous study [147
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-ray diffraction pattern for Co wires made using the above 
-axis too. 
 
zation hysteresis (MH) loops of 100nm
], we show that the multilayered structure changes its 
 
 diameter 
tCu. Here, 
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magnetization easy axis from perpendicular-to-plane to in-plane of the Co layers as d is 
increased even though the c-axis is perpendicular to the plane.  At small tCu (Fig. 6.3a), 
the high magnetostatic interactions between the Co layers and the orientation of the c-
axis both favor a magnetization easy axis along the NW axis (perpendicular to the plane 
of the Co layers) even though the shape anisotropy of the thin Co layers favors an in-
plane magnetization. Figure 6.3b (intermediate tCu) shows an intermediate sample where 
the magnetostatic interactions and the crystallographic anisotropy balance the shape 
anisotropy of the layers, resulting in a nearly isotropic behavior. Finally, when tCu is large 
(Fig. 6.3c), the magnetostatic interactions become very weak and the high shape 
anisotropy dominates the crystalline anisotropy, resulting in a magnetization easy axis 
perpendicular to the NW axis (in plane of the Co layers). To save space, we show MH 
loops for only three thicknesses here but the overall behavior of all the samples can be 
seen in Fig. 6.3d. In Fig. 6.3d, magnetic susceptibility calculated from dM/dH near the 
origin is plotted vs tCu when the field is applied perpendicular and parallel to the NW 
axis. This clearly shows the transition from perpendicular-to-the-plane anisotropy to in-
plane anisotropy with an isotropic point at the intersection of the two curves seen at 
tCu=10nm. 
  
Fig.  6.3. Magnetization hysteresis loops of 100nm diameter [Co(10nm)/Cu(tCu)]200 
wires with in-plane (perpendicular to wire) c
20nm. (d) Magnetic susceptibility, calculated from dM/dH near the origin of the MH 
loops, is plotted vs tCu. 
 
6.3.2. SPIN TRANSFER 
 Figure 6.4 shows zero field STT switching loops of our multilayers for each value 
of tCu. The difference in resistance between the samples is due to contacting different 
number of wires in parallel 
current needed to switch the layers from parallel P magnetizations (low resistance state
79 
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TORQUE SWITCHING 
for each measurement. This resulted in different values of the 
 
 10nm, and (c) 
: 
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LRS) to antiparallel AP magnetizations (high resistance state: HRS) and back. The 
number of contacted wires was determined using the area of the probe and previous 
single wire resistance measurements [18]. The samples were measured multiple times for 
repeatability but only one loop per sample is shown here. The as measured 
magnetoresistance (MR) ratio extracted from these figures is 1.52±0.80% which can be 
as high as 19.14±14.62% after subtracting lead resistances. The number of layers that 
switch also varies with layer thickness, so the total MR value varies accordingly. The 
number of layers per domain is currently under study via neutron scattering, but the trend 
in the switching current densities will be explained in this work. 
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Fig.  6.4. STT switching in 200 bilayers of Co(10 nm)/Cu(tCu) where tCu is (a) 5 nm (b) 
10 nm (c) 15 nm. The nanowire diameter is 100 nm. In all these cases, Cu leads were 
deposited to fill out the pores. The difference in resistance between samples is because 
our microprobe contacts different number of wires each time the measurement is made. It 
is important to distinguish here between the unipolar and bipolar switching as the spacer 
thickness is changed. 
 82 
 
 
 As clearly seen in Fig. 6.4(a-d), the LRS for wires having tCu ≤ 10nm is not stable at 
zero current meaning that the Co magnetizations prefer a remanant AP state at these 
thicknesses. Given the fact that perpendicular anisotropy is observed for these 
thicknesses, one might expect a perpendicular AP state at remanance for these 
thicknesses. However, an in-plane AP state could also be possible given the expectedly 
high dipole fields at small interlayer thicknesses. Next, we will look at the dipole field 
effect and see how that may alter the conclusions taken from Fig. 6.3. 
 
6.3.2.1. Dipole Field Considerations 
 In this section, we will estimate the dipole fields between the Co layers and 
between the neighboring wires, and we will determine which of these alters the switching 
process to make one particular magnetization configuration more favorable than another. 
 
6.3.2.1.1. Intra-wire Dipole Fields 
 In this section we will estimate the dipole fields coming from the individual Co 
layers. To simplify the problem, we will calculate the field at the center Co layer of the 
multilayered nanowires. We will also assume uniform in-plane magnetizations, Fig. 6.5. 
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Fig.  6.5. (a) Dipole fields generated by a single Co layer with in-plane magnetization. (b) 
Schematics of in-plane P and AP magnetization configuration. Here, the dipole fields 
from all the layers are summed at the center Co layer. 
 
 As shown in Fig. 6.5, the field coming from each layer will be calculated at point 
(0,0,z) where z is the center-to-center spacing between that layer and the center Co layer. 
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Then all contributions are summed to give the total dipole field at the center layer. This 
will be done for both in-plane P and in-plane AP configurations. 
 The dipole field of Fig. 6.5a assuming uniform magnetization can then be evaluated 
from: 
∫
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               (6.1) 
where M is the magnetization, r is the observation point, and r’ is the source coordinates. 
 
 Figure 6.6 shows calculated dipole fields from equation (6.1) at the center Co layer 
as shown in the schematics of Fig. 6.5b. Here, all the dipole fields from all the layers are 
summed at the center layer. The diameter of the wires is 100nm and Ms=750emu/cm3 
(measured by VSM for electroplated Co film with known volume). The thickness of the 
Co layers is 10nm and the thickness of the spacer layer is varied from 1nm to 300nm. 
  
Fig.  6.6. Dipole field calculated from eq. (6.1) at the center Co layer as shown in 
schematics of Fig. 6.4 for both P and AP magnetizations.
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Fig.  6.7. Intra-wire dipole field vs number of Co/Cu layers.
 
 Figure 6.7 shows the dipole field as a 
parallel magnetizations. As seen here, only the first few layers contribute to the total field 
seen at the center layer. Also, it can be seen that the dipole field for t
comparable to the coercivity o
potentially switch the layers from one magnetization direction to the other. This can be 
related to what we experimentally observe in the STT switching loops for samples having 
tCu < 10nm shown in Fig. 6.4. 
perpendicular P state to an AP state with an unknown direction (inplane or perpendicular 
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function of the number of layers for in
f our nanowires (black dashed line) and thus can 
However, the switching there is assumed to occur between 
 
-plane 
Cu<10nm is 
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to the plane). The question that arises is how can we use the dipole field effect calculated 
for in-plane P magnetizations if the initial state of Fig. 6.4 is perpendicular P 
magnetizations? The question is answered by looking at the coercivity vs angle curve 
shown in Fig. 6.8. 
 
Fig.  6.8. Coercivity as a function of the applied field angle. 
 
 Figure 6.8 shows Hc vs angle for 100nm diameter Co[10nm]/Cu[5nm] multilayered 
nanowires.  The fact that Hc reaches a minimum at 90o somewhat indicates that 
magnetization reversal is done through coherent rotation of the moments of all the Co 
layers [147]. However, for coherent rotation Hc should reach zero at 90o. The difference 
may be attributed to the fact that all nanowires are measured together and in 
electrodeposited nanowires, interfaces might be tilted between different nanwires which 
adds some averaging to the experiment [42]. Therefore, due to Fig. 6.8 showing a sign of 
coherent rotation, this assumption will be used for the rest of the text. This means when 
the moments coherently reverse, there will be a point where they lie in-plane of the Co 
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layers where dipole field is maximum and can force the layers to go from that state to an 
inplane AP state. However, for moments to start the coherent reversal process there 
should be an external force (field) that initiates the process. Next, we will look at such 
force which we’ll call the interwire dipolar field, a field that comes from adjacent wires 
in a perpendicular direction or along the NW axis. 
 
6.3.2.1.2. Inter-wire Dipole Fields 
 As discussed in chapter 2, the inter-wire dipole field for multilayered nanowires is 
given by: 
  6	
           (6.2) 
where 6πMsP is the inter-wire dipolar field for continuous magnetic wires and F is a 
factor representing the effect of layering (i.e., adding nonmagnetic spacers between the 
magnetic layers). This factor was previously derived for multilayered nanowires in a 
study that determined the effect on the demagnetizing field of the wires, [45] and is given 
by: 
  1  3 ∑ 1        (6.3) 
where N is the number of layers and Ni is the ith demagnetizing tensor that depends on 
the aspect ratios of the magnetic and nonmagnetic layers. Expressions for Ni and more 
details are found in [45]. Therefore, the inter-wire dipolar field of multilayered nanowire 
arrays is: 
  6	
1  3 ∑ 1             (6.4) 
  
 Figure 6.9 shows the inter
[Co(10n)/Cu(tCu)]200 multilayered nanowires as a function of t
and P=0.2. As shown, the field at t
This field is much higher than H
magnetization coherent reversal from the initial perpendicular P of Fig. 6.4 (a
Fig.  6.9. Inter-wire dipole field of Co/Cu multilayered 
tCu. Inset shows the region of tCu of the experimentally prepared samples.
 
The above finding of intra
explain the STT switching behavior (Fig. 6.4) of samples having t
When the layers have perpendicular P magnetizations, the inter
than Hc and will initiate coherent magnetization switching in the Co layers soon as the 
spin torque is reduced (i.e., when the current is swept b
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-wire dipole field for our 100nm diameter 
Cu using Ms=750 emu/cm
Cu=0 is 6πMsP and goes nearly to zero at very high t
c for tCu ≤ 10nm and serves as the driving force to initiate 
nanowire arrays as a function of 
-wire and inter-wire dipole fields can be used now to 
Cu ≤ 10nm as follows. 
-wire dipole field is higher 
ack from -10mA towards zero). At 
3
 
Cu. 
-d). 
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some point during this coherent switching, the moments will reach a parallel in-plane 
magnetization state where dipole fields come into play (Hdip > Hc) and will flip the 
magnetization of the layers to an in-plane AP state where layers have alternating AP 
magnetizations. The ∆R associated with this process eliminates the possibility of going 
from wires with perpendicular up magnetizations to wires with alternating up-down 
magnetizations. The inter-wire dipole field is thus the main reason why thin tCu samples 
have unstable perpendicular P state at zero currents. Also, as seen in Fig. 6.4 the thinner 
tCu, the earlier the P-AP switch and this is attributed to the fact that both intrawire and 
interwire dipole fields increase with thinner tCu, making the P configuration less stable at 
zero current. Next, we will look at the total energy of the system and we will determine 
whether our assumption of going from perpendicular P state to in-plane AP state, based 
on dipole field arguments, is feasible. 
 
6.3.2.2. Total Energy Arguments 
 Investigating interwire and intrawire dipolar fields and looking at the magnetization 
reversal mechanism for thin Cu spacer samples suggested that the layers switch from 
perpendicular P state to in-plane AP state during the STT switching measurement at these 
thicknesses. This happens despite the observation of perpendicular anisotropy for these 
thicknesses. 
 To remove the ambiguity on which AP state exists at zero current (perpendicular 
AP or in-plane AP), we will look at the total energy content of these samples and 
determine which state is favorable and which is not. Also, we will look at the energy 
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content for all four magnetization configurations (perpendicular P/AP and inplane P/AP) 
to investigate the switching process from an energy perspective for the entire range of Cu 
thicknesses.  
 For Co/Cu multilayers with in-plane P or perpendicular P configurations, consider 
the tilted P magnetization configuration shown in the schematics of Fig. 6.1. Here, the 
total anisotropy energy at the center Co layer can be written as: 
   !" # 1 2⁄ 
!&&
||  !" # &&( )*!"         (6.5) 
where  !" is the uniaxial anisotropy energy, Ms is the saturation magnetization, " is 
the angle between the magnetization and the NW axis. &&
||
 and &&(  are the effective 
demagnetization tensors at the center Co layer when the layers have in-plane or 
perpendicular to the plane P states, respectively. Note that substituting "  90° and 
"  0° in equation (6.5) gives the in-plane P or perpendicular to the plane P 
configuration. From ref. 45, the effective demagnetizing tensor for perpendicular P 
configuration is given by: 
&&(   2	 /3 0∑ 112 !⁄ 0  13       (6.6) 
The in-plane demagnetizing tensor &&
||
 can then be calculated from &&
||  4	 
&&( /2 . 
For AP magnetizations, consider the tilted AP configuration of Fig. 6.1. Here, 
following the same strategy presented in [45], one can derive &&
||6
 and &&(6 for 
perpendicular AP magnetizations, in CGS units, as: 
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&&(6   4	  2&&
||6  2	 /3 0∑ 1! # !7212 !⁄ 0  13       (6.7) 
And the total anisotropy energy for this tilted AP configuration will then be written as: 
6   !" # 1 2⁄ 
!&&
||6 !" # &&(6)*!"         (6.8) 
Substituting "  90° and "  0° in equations (6.5) and (6.8) and including 
interwire and intrawire dipole fields for the in-plane P and perpendicular P magnetization 
configurations, respectively, yields: 
89:   # 1 2⁄ &&
|| 
! # :
          (6.9) 
88  1 2⁄ &&( 
! # 
                    (6.10) 
89:6   # 1 2⁄ &&
||6
!                           (6.11) 
886  1 2⁄ &&( 
!                                        (6.12) 
          
where Hintra and Hinter are the intra-wire and inter-wire dipole fields defined in equations 
(6.1) and (6.4), respectively. Note that the weak intra-wire dipole field for the inplane AP 
case (Fig. 6.6b) is not included in (6.11).  The above energies are plotted for our 100nm 
diameter [Co(10nm)/Cu(tCu)]200 nanowires in Fig. 6.10. Here, tabulated values of K and 
Ms (K=4.5×106 erg⁄cm3, Ms=1400 emu⁄cm3) were used here for simplicity. 
  
Fig.  6.10. Calculated energy for all possible magnetization configurations in our Co/Cu 
multilayered nanowires. 
 
 As seen in Fig. 6.10, the perpendicular P state is the most stable state at very thin 
tCu and then switches places with the inplane AP state at t
becomes the most stable for the rest of the plot. The perpendicular P 
the 2nd most stable state until t
that at very large tCu the effect of magnetization alignment on energy content vanishes 
where both P and AP start to have similar energies.
 In our switching results of Fig. 6.4, the in
stable than the perpendicular P state at thin Cu thicknesses. Also, the perpendicular P 
state switches to in-plane P due to change in anisotropy at t
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Cu~10nm where the latter 
state continues to be 
Cu~35nm where the in-plane P state then takes over. Note 
 
-plane AP state is observed to be more 
Cu>10nm. Figure 6.10 does 
 
  
not reflect our observed behavior. One reason is because it uses Ms=1400 emu/cm
is about twice the measured Ms for our nanowires (750emu/cm
possibly because our nanowires have much lower K than bulk. Figure 6.11 shows 
calculated energies using Ms=750emu/cm
was adjusted such that the energy curves match our STT switching observations. 
that recent micromagnetic simulations also use
experimental STT switching 
[139]. 
Fig.  6.11. Calculated energy for all possible magnetization configurations in our Co/Cu 
multilayered nanowires using reduced Ms and K.
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3). The other reason is 
3
 and K=5x105 erg/cm3. Here, the value of K 
d a much reduced K to reproduce 
results of 60nm diameter Co/Cu multilayered nanowires 
 
3
 which 
Note 
 
  
 It can be clearly seen in Fig. 6.11 that the in
for all Cu thicknesses above 2nm. The 
tCu=2nm to tCu=14nm but in
zoomed in version of Fig. 6.11 with a shaded region showing the energy difference 
between the different magnetization configurations involved in our STT switching 
experiment. Here, it is interesting to see how the in
than perpendicular P at tCu
a close agreement between calculation and experiment.
Fig.  6.12. Zoomed in 
implemented samples. 
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-plane AP state is the most stable state 
next most stable state is perpendicular P from 
-plane P is more stable afterwards. Figure 6.12 shows a 
-plane P state becomes more stable 
~14nm, where experimentally that occurs at tCu
 
version of Fig. 6.11 showing regions of switching for our 
=13nm. This is 
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The trend seen in our switching results can now be summarized as follows. For 
small Cu interlayer thicknesses, the magnetization easy axis is perpendicular to the plane 
of the Co layers (along NW axis) but STT switching takes place between a perpendicular 
P state and in-plane AP state rather than switching between both perpendicular P and AP 
states. This is due to the high interwire and intrawire dipole field interactions at these 
thicknesses which was also verified using energy calculations. For larger Cu thicknesses, 
the magnetization easy axis is in the plane of the Co layers and the switching happens 
between in-plane P and AP states, Figure 6.13. Here, the switching current densities 
Jc=Ic/A vs copper interlayer thickness tCu, where A is the total area of the contacted wires, 
are plotted showing the different regions of magnetic anisotropy. The data points are 
measured values and the error bars represent repeated measurements on the same sample 
and on samples having similar structures. The variation has the same origin as that seen 
for the MR ratio discussed earlier in the text. 
Compared to traditional spin valves, it can be seen in Fig. 6.13 that it takes more 
current to switch from AP to P rather than P to AP (normally smaller because reflected 
electrons usually cause the P-AP switch). There reason behind this is that in-plane AP 
state is observed to be very stable and thus it takes more current to overcome the energy 
barrier to a less stable state even though the torque efficiency is higher. This kind of STT 
switching was observed before in multilayered Co/Cu nanowires [13,14,148] but never 
was explained due to the lack of such energy and dipole field calculations. 
 
  
Fig.  6.13. Switching current density as a function of t
anisotropy. 
 
In Fig. 6.13, ignoring the region where dipole fields force an early P
the magnitudes of both switching current densities J
interlayer thicknesses. This can be attributed to three different mechanisms; the spin 
relaxation effect, the direction of the magnetic anisotropy (perpendicular or in
the effective demagnetizing field acting on each Co la
97 
Cu with defined regions of 
c
AP-P
 and JcP-AP increase with the Cu 
yer. From Ref. 144
 
-AP switch, 
-plane), and 
, the switching 
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current densities were shown to scale with ;<= >?⁄  where λs is the spin relaxation length. 
For our interlayer thicknesses 3 ≤ tCu ≤ 20 nm and using λs=150nm [144], this effect can 
explain only 12% increase in Jc while the observed increase exceeds 100% in both JcP-AP 
and JcAP-P. There is also an increase in switching current densities due to the change of 
anisotropy direction from perpendicular to the plane at small tCu to in-plane of the Co 
layers at larger tCu. As seen in Fig. 6.13, Jc is smaller for the perpendicular anisotropy 
region owing to the collinear demagnetizing and anisotropy fields. This effect was first 
demonstrated by Meng et al. [149] and Mangin et al. [145] and has been used for most 
spintronics applications since. The effective demagnetizing field effect is discussed next. 
 
6.3.3. EFFECTIVE DEMAGNETIZING FIELD 
  An effective demagnetizing field can be used to explain the large dependence of Jc 
on tCu. This effective demagnetizing field, acting on each Co layer, can be calculated by 
considering all possible magnetization configurations (perpendicular P and AP, in plane P 
and AP). According to Medina et al. [45], the effective demagnetizing field seen at the 
center Co layer in a multilayered Co/Cu nanowire within an array of porosity P, assuming 
parallel alignment of Co magnetizations along the NW axis (perpendicular to the plane), 
is given by: 
&&(  2	
1  3@1  3A∑ 1 AB           (6.4) 
 
where n and Ni are defined earlier. Similarly, for antiparallel AP magnetizations along the 
  
NW axis, the effective field can be derived as
The in-plane versions of these equations can be found by
then calculating 
can be calculated. These fields are calculated and plotted in Fig. 6.14.
Fig.  6.14. Effective demagnet
Negative values indicate fields opposite to the magnetization.
 
99 
: 
      
 solving for 
 where then 
 
izing field as a function of the Cu spacer thickness. 
 
(6.5) 
 and 
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In Figure 6.15, the measured switching current densities JcAP-P and JcP-AP are 
plotted versus calculated &&6  and && , respectively, showing the two regions of 
anisotropy (|| and C). This is because to switch from AP to P an effective field of &&6  
must be overcome and similarly a field of &&  is needed to overcome when switching 
from P to AP. In Fig. 6.15a, the magnitude of the switching current density increases with 
the magnitude of the effective field with almost the same slope for in-plane and 
perpendicular anisotropy. This is because the AP state seen in our structures is always in 
the plane of the Co layers which results in similar spin torque efficiency (i.e., DEF/D&&) 
for both regions. The nearly flat behavior around the dashed line indicates that the system 
locks into the isotropic state for interlayer spacer thicknesses around 10nm resulting in a 
nearly constant current density for this range of thicknesses. The switching from P to AP 
is shown in Fig. 6.15b. Here, unlike the AP-P switching, two distinct P configurations 
were seen (perpendicular P and in-plane P). For both regions, it is seen that as the 
effective fields gets more negative (opposite to magnetization direction), the magnitude 
of the switching current density decreases with a clear difference in DEF/D&& for the 
two regions owing to dissimilar spin torque efficiencies for the two anisotropy directions 
[145]. It can be clearly seen now that the switching current densities depend greatly on 
the effective demagnetizing field seen in the array and that adds to the spin relaxation 
effect in explaining the huge increase in Jc seen in Fig. 6.13. 
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Fig.  6.15. Switching current densities vs Heff when (a) the layers switch from AP to P 
and (b) when the layers switch back from P to AP. 
 
 It is important to note that the effective field given in equations (6.4) and (6.5) is 
always less than that of a single nanopillar structure. This reduction comes from both the 
array-like geometry (P > 0) and the layering effect (Neff < N0) where N0 is the 
demagnetizing tensor for a single Co layer. Therefore, the spin torque switching current 
 102 
 
densities of arrays of multilayered structures are always less than those of single 
nanopillar systems. This opens the way to implementing these structures in devices like 
spin torque random access memories (ST-RAM) where high density and low switching 
currents are both favorable. Similar behavior was reported before for nanopillar systems 
where the demagnetizing field of the free layer was partially cancelled using Co/Ni stacks 
as the free layer [150]. However, it is important to note here that the MR ratio for the un-
stacked system was already small and was further reduced when using Co/Ni stacks for 
the free layer. Our structures have MR ratios as high as 30% and can be grown into arrays 
with very low cost and very low resistance area product (2.66 Ωµm2). Although RA 
product is higher than those observed in GMR trilayered nanowires in the previous 
chapter [18], they are still low compared to magnetic tunnel junctions. 
 
6.4. CONCLUSIONS 
 In conclusion, spin torque switching of 100nm diameter Co(10nm)/Cu(d) 
multilayered nanowires was observed under zero applied magnetic fields. Although these 
wires have perpendicular to the plane Co c-axis, they were shown to change their 
effective magnetic anisotropy from perpendicular to the plane of the Co layers to in-plane 
as the Cu interlayer thickness increased.  The high resistance state was shown to always 
refer to an antiparallel in-plane state irrespective of the anisotropy direction, which was 
supported by both the dipole field effect and total energy considerations. The spin torque 
switching current densities of these multilayers were 2-3 orders of magnitude less than 
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those seen in previous electrodeposited Co/Cu/Co trilayers. This was a result of the 
significantly smaller demagnetizing field seen in each Co layer. Being able to tune the 
demagnetizing field in these structures, along with the possibility of cancelling the dipole 
fields makes these engineered structures very promising candidates for future spin torque 
random access memories (ST-RAM). 
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Chapter 7 
 
Conclusions and Future Work 
 
7.1.  CONCLUSIONS 
 In this work, we were able to fabricate anodic aluminum oxide templates by two-
step anodization of aluminum with pore diameters of 10-500nm. These templates were 
fabricated as free standing membranes and as integrated films on Si substrates. The 
barrier layer for templates made on Si was cleverly removed by running the second 
anodization step longer than required to allow for the anodization solution to break the 
barrier in attempts to reach the bottom electrode. 
Next, electrodeposition of Co and Cu nanowires in these membranes was 
precisely controlled such that thickness as small as 3nm were possible. The crystalline 
anisotropy was tuned by adjusting either the deposition voltage or the pH of the 
electrolyte containing the metallic cations (Cu+2 and Co+2). Resistance versus field and 
magnetization hysteresis loops for Co/Cu multilayered nanowires were measured to 
determine the coercivity and the variation in easy axes of the Co layers. 
The feasibility of a new class of read sensors for ultra-high density recording 
using integrated 10nm-diameter nanowires was demonstrated. The resistivity of these 
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10nm wires was measured to be 5.4 µΩcm, a three times lower than the bulk value for 
Cu. This resulted in a resistance-area product of 2 mΩµm2 and 20-30Ω per sensor.  We 
attribute much of our advantages at these very small dimensions to the in situ growth 
with no need for sidewall etching. Overall, the all-metallic giant magnetoresistive sensors 
presented here provide an unusual opportunity to incorporate the techniques of modern 
nanotechnology to enable the future high density growth of this economically important 
technology. 
Spin torque switching of multilayered Co/Cu nanowires in anodic aluminum 
oxide (AAO) templates was controlled such that the parallel-antiparallel critical current 
density (JcP-AP) varied from negative to positive values by proper design of the layer 
thicknesses. Close-packed GMR arrays such as these have recently drawn significant 
attention because of their potential use in applications like magnetic and spin transfer 
torque random access memory (MRAM and STT-RAM). In this study, Co(10nm)/Cu(tCu) 
multilayered nanowires with 100nm diameters were electrodeposited. Spin transfer 
torque (STT) switching of these multilayered nanowires was observed under zero 
external fields with switching current densities below 107 A/cm2 with MR ratios of 30%. 
Traditionally, applying an external magnetic field can cause the switching curve to shift 
left or right depending on the direction of applied field. Here, shifting of the loop was 
successfully achieved by varying the nonmagnetic layer thicknesses (tCu) with a slight 
change in the critical currents. It was found that increasing the Cu thickness from 2nm to 
20nm changed the critical JcP-AP switching current density from being negative to 
positive. In the latter structures, at zero current both P and AP states (1 or 0) were stable, 
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all without the need for external fields. This is extremely important because for real 
devices (especially STT-RAM), external magnetic fields add undesirable complexity to 
the system. The unipolar switching behavior at thin Cu thicknesses (both current densities 
are negative) was attributed to the high interwire and intrawire dipolar fields, which was 
also confirmed by simple energy calculations. Although increasing the Cu thickness 
resulted in ideal switching curves, the critical current densities increased slightly. 
However, these current densities are significantly smaller than those for trilayered 
structures with similar dimensions. The reduction in current density is attributed to the 
reduced demagnetizing field for the Co/Cu multilayered nanowire. This demagnetizing 
field was successfully calculated and proven to be smaller than that of trilayered 
structures. The ability to tune the demagnetizing field and to fully understand the dipole 
fields and energies, even though these were calculated using simple and ideal 
environments, will attract more interest in the future and such structures will be perfect 
candidates for future STT-RAMs. 
 
7.2. FUTURE WORK 
Co/Cu multilayered nanowires were successfully shown to have good magnetic 
and structural properties for applications like magnetic read sensors and spin transfer 
torque RAM. However, there is more to be done to more optimize these structures for 
these applications. 
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For fabrication point of view, structural and imaging practices like XRD, TEM, 
and SEM should be made more routine to enhance the quality of the samples and to 
reduce the time spent on testing afterwards. 
For read sensor applications, more work is needed to prove the feasibility of our 
design as a potential read head. This means biasing the free layer, adding magnetic 
shields, and introducing more pinning to the fixed layer. Also, after these are integrated 
into more complete head designs, performance measurements like SNR and BER should 
be made before the design is finalized. 
For STT-RAM, the spin torque switching experiment should be done under the 
influence of perpendicular and in-plane fields to confirm our conclusions of the interwire 
and intrawire dipole field effects. Then, our simple dipole field and energy arguments 
should be replaced with more realistic calculations based on micromagnetic simulations. 
More can be done in tuning the demagnetizing field of the array. Based on equations 
(6.4) and (6.5), the thicknesses can be designed to make Heff close to zero, which we 
think will reduce the switching current densities even further. Finally, given the very high 
aspect ratios that are possible for electrodeposited nanowires, it is possible to incorporate 
several multilayered bits into each wire to enable multi-state areal bits for extremely high 
density RAM. If all of these suggestions are made, then our Co/Cu multilayered 
nanowires will be excellent candidates for future spin torque random access memories. 
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